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During the past decade, a broad range of gallium nitride electronic devices (e.g. 
AlGaN/GaN high electron mobility transistors-HEMTs) have been demonstrated. For 
further improvement of device performance, the use of ion implantation is a critical 
requirement to form selectively doped contact regions to push device performance 
toward its full potential. However, post-implantation annealing and process integration 
will be the challenge and many issues of ion implantation in GaN are still under study.  
The thesis first investigated ion implantation (i.e. Si and Be) in GaN and the post 
annealing process was optimized based on our equipment resources. Secondly, the Si 
implantation was integrated into the fabrication of AlGaN/GaN HEMTs. The main 
purpose was to improve the HEMT device performance by formation of ion implanted 
contacts for selected source and drain regions.  
 
In our work, reactively sputtered AlN thin film was demonstrated as an 
effective encapsulating layer to avoid underlying GaN surface degradation during post-
implantation annealing at temperature up to 1100°C. It subsequently can be selectively 
removed in a heated KOH-based solution without any detectable attack to the GaN 
surface. For Si implantation (n-type) into GaN, the Hall measurement indicated that a 
reasonable electrical activation (~30%) was achieved after 1100°C rapid thermal 
annealing (RTA) although optical recovery of the implanted samples was partial. All 
of these would provide us the basis for integration of ion implantation to GaN device 
 vii
fabrication. For Be (p-type) implantation, the Hall results showed p-type conversion 
after pulsed laser annealing (PLA) with optimized irradiation at 0.2 J/cm2 in flowing 
nitrogen ambient. Due to the shallow penetration depth of the KrF laser beam, a 
combined annealing procedure, consisting of PLA followed RTA at 1100ºC for 120s 
was further applied to produce good surface morphology, good electrical and optical 
activation as well as good repair of the damage to the crystalline structure after 
implantation. Finally, Si implantation was integrated into the fabrication of 
AlGaN/GaN HEMTs in order to create selectively doped regions for the source and 
drain area. The ion implanted ohmic contacts yielded a smaller access resistance-0.44 
Ω-mm of source and drain. Higher maximum drain current-590mA/mm and lower 
knee voltage-5V indicate the better power output potential. Good gate control property 
can be concluded from the higher extrinsic peak transconductance-112mS/mm and 
smaller swing value in ion implanted HEMTs. Moreover, for high frequency 
performance, higher cut-off frequency ft of 14.3 GHz and the maximum frequency of 
oscillation fmax of 38.1 GHz were obtained in the HEMT with implantation. 
In conclusion, the experimental results showed that overall HEMT device 
performance was improved with Si ion implantation by reducing the contact resistance 
of source and drain regions. This will tap the advantages of HEMTs for high power, 
high current and low access resistance to the maximum extent. Additionally, the 
preliminary results of Be implantation indicated promising future for this p-type 
doping technology, it would pave the way to fabricate more advanced GaN based 
device structure (e.g. HBT) when selective p-type region is required.  
 viii
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1.1 Current Interests in Gallium Nitride 
Gallium nitride (GaN) and related materials including binary (AlN, InN), 
ternary (AlGaN, InGaN, InAlN) and quaternary (InGaAlN) compounds are wide 
bandgap III-nitride compound semiconductors. Because of their unique material 
properties which have not been seen in conventional semiconductors such as silicon, 
gallium arsenide, etc, they received extensive interest in recent years and provided 
highly promising applications in efficient short-wavelength optoelectronic devices as 
well as high temperature tolerant and high output power electronic devices with small 
physical volume.   
For the last decade, the gallium nitride materials system has been the focus of 
extensive research for application to short-wavelength optoelectronics [Akasaki 1991; 
Nakamura11995]. The wurtzite polytypes of GaN, AlN and InN form a continuous 
alloy system whose direct bandgaps range from around 1.9eV for InN, to 3.4eV for 
GaN and to 6.2eV for AlN as shown in Figure 1.1 [Nakamura1995]. This wide range 
of the bandgaps spans most of the visible spectrum and extends well into the ultra-
violet (UV), namely variable from 200 nm to 650 nm. Moreover, the wurtzite III-
nitrides are all direct bandgap semiconductors, which is a key factor for producing 
light radiation efficiently. All of these features enable the III-nitride to be a good 
candidate for light emitting devices (LEDs), laser diodes (LDs), and detectors, which 
are active in green, blue or UV wavelengths [Nakamura2000].  Therefore, this addition 
of III-nitrides to the family of traditional semiconductors is essential for developing 
full-color displays, coherent short-wavelength sources required by high density optical 
 1 
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storage technologies, and very likely devices for signal and illumination application 
[Pearton2000].  
Especially in recent years, the introduction of bright blue GaN-based LEDs 
paved the way for full color displays and raised the possibility of mixing primary 
colors - red, green and blue - to obtain white light source for illumination. Most 
excitingly, when used in the place of incandescent light bulbs, these LEDs would 
provide not only higher brightness and longer lifetime, but also would consume about 
10-20% of the power for the same luminous flux [Mahammad1995]. Therefore, III-
nitride LEDs have great potential to be the next-generation illuminating source. 
 
 




































Fig. 1.1: Bandgap versus lattice constant for III-Nitride and some other compound         
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Another important area attracting a lot of interest for the GaN materials system 
is high-temperature, high-power and high-frequency electronics [Khan11993; 
Binari11995]. The wide bandgap of III-nitrides promotes their ability to operate at 
much higher temperatures before going intrinsic or suffering from thermally generated 
leakage current. GaN also has a higher breakdown field of around 4 × 106 V cm-1       
(Vbr ∝ Eg3/2), i.e., the maximum internal electric field strength before the onset of 
junction breakdown. This allows GaN to operate as high-power amplifiers, switches, 
or diodes. In addition, gallium nitride’s good electron transport characteristics, 
including extremely high peak velocity (3 × 107 cm s-1) and saturation velocity (1.5 × 
107 cm s-1), allow it to operate at higher frequencies than its conventional cousins 
[Khan1995].  
Furthermore, GaN material can support heterostructures very well. An electron 
mobility of 1700 cm2/Vs at room temperature has been reported in a modulation-doped 
AlGaN/GaN structure interface [Xing12001]. The wurtzite crystal structure of group-
III nitrides is highly piezoelectric, offering device design possibilities not accessible 
with common GaAs and InP based semiconductors. Due to strong chemical bonds in 
the semiconductor crystal, GaN based devices are also less vulnerable to attack in 
caustic environments, and more resistant to radiation damage. 
   The material properties associated with high-temperature, high-power, and 
high-frequency applications of GaN and several conventional semiconductors are 
summarized in Table 1.1. Several figures of merit (FOM) are calculated to reveal that 
the critical field (i.e., dielectric strength), saturation velocity, mobility, energy bandgap, 
thermal conductivity, and dielectric constant are the best predictors of device 
performance in extreme applications. It shows that GaN-based electronic devices are 
competitive with or even outperform traditional semiconductor devices in this area.  
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Table1.1. Comparison of material properties of GaN, 4H-SiC, GaAs and Si (after 
[Pearton2000])  
 
 GaN 4H-SiC GaAs Si 
Bandgap Eg at 300K (eV) 3.40 3.26 1.42 1.12 
Dielectric constant ε 9.0 9.7 12.8 11.8 
Breakdown field EB (MV/cm) 4.0 3.0 0.4 0.25 
High-field Peak velocity νs
(107 cm/s) 3.0 2.0 2.0 1.0 
Electron mobility μ (cm2 V-1 s-1) 1350 800 6000 1300 
Thermal conductivity χ 
(W K-1 cm-1) 1.3 4.9 0.5 1.5 
Melting point (°C) 2791 Sublimes T>1827 1238 1412 
JFOM* = EBνs / 2π 48 24 3.2 1 
BFOM** = χ μ  EB3 3686 3473 6.3 1 
CFOM*** = χ ε μ νs EB2 489 458 8 1 
 
*JFOM: Johnson’s figure of merit for power-frequency performance of discrete 
devices.  
**BFOM: Baliga’s figure of merit for power loss at high frequency. 
***CFOM: Combined figure of merit for high power/high frequency/high temperature 
applications 




Arising from the superior optical, electrical and material properties, GaN-based 
devices have great application potential. There are several major market segments that 
could benefit from GaN-based electrical and optical devices. These include: optical 
storage, laser printing, high brightness LEDs, general illumination, and wireless base 
stations. In addition to these segments, there are numerous nascent market segments 
such as medicine, memory devices, power switches, etc, that could provide a 
significant increase in total market size for GaN-based devices. The list of companies 
and application segments for GaN devices is summarized in Table 1.2 as a reference 
guide [Rammohan2001]. Market projections according to Strategies Unlimited, in 
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Mountain View, Calif, show that GaN devices have good potential to create multi-
billion dollar market per year in the near future. The rapid development of III-nitrides 
in the last two-decade has started a new era in the field of wide bandgap compound 
semiconductor materials and devices [Pearton1999; Jain 2000].  
 
 
Table1.2. Summary of gallium nitride devices, applications and involving companies 
(source: Rutberg & Co. [Rammohan2001]) 
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1.2 Historical Research on Gallium Nitride 
The group III-nitrides, particularly GaN, have experienced rapid progress in 
material growth, processing, and device technology over the past decade. Attempts to 
synthesize GaN material were initiated more than 50 years ago. In 1932, GaN was 
synthesized in powder form, and in 1938 small needles of GaN were obtained by Juza 
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and Hahn. However, GaN technology progress at early stage was quite slow, not until 
1969 was large crystal GaN first grown on a sapphire substrate using hydride vapor 
phase epitaxy (HVPE) [Maruska1969]; now this technology is applied to grow thick 
single GaN templates as the freestanding pseudo-bulk substrates [Lee2001]. Two years 
later GaN was grown epitaxially via metal-organic chemical vapor deposition 
(MOCVD) and in 1974 by molecular beam epitaxy (MBE). The achievement of large 
area GaN thin films led to a flurry of activity in many laboratories. Pankove et. al used 
Zn-doping to successfully produce the first blue LED in 1972 [Pankove 1972].  This 
metal-insulator n-type (M-i-n) LED emitted blue, green, yellow or red light depending 
on the Zn concentration in the light-emitting region. Later, the Mg-doped M-i-n type 
diode emitting violet light was reported in 1973 by Maruska [Maruska1973]. Other 
important accomplishments made with single GaN crystal in the 1970s were antistokes 
LED [Pankove1975], surface acoustic wave generation [Duffy 1973], etc. 
However, epitaxial layer quality through the 1970s was rather poor due to the 
lack of a lattice-matched substrate. These early epilayers were always unintentionally 
doped n-type (n ≥ 1x1017 cm-3), resulting from growth defects or impurities 
inadvertently introduced during growth [Khan1983]. Epilayer quality began to 
improve through the use of a two-step growth method developed by Yoshida et al. in 
1983 [Yoshida1983]. By first growing a thin AlN buffer layer on the sapphire substrate, 
most of the mismatch-induced dislocations are confined to a thin AlN/GaN interfacial 
region rather than throughout the GaN epilayer. It was later found by Nakamura that a 
thin GaN layer could also be used as the buffer layer to achieve device quality GaN 
epilayers grown on sapphire by means of MOCVD [Nakamura1991].  Besides the AlN 
or GaN buffer layer method, other advanced techniques namely lateral epitaxial 
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overgrowth (LEO) [Kato1994] and Pendeo-epitaxy (PE) overgrowth [Zheleva1999] 
were employed to further improve the quality of the hetero-epitaxially grown GaN. 
Despite the progress in GaN epilayer quality, material with p- type conduction 
remained as the most outstanding issue until 1989 when Amano et. al. produced p- 
type GaN via low energy electron beam irradiation (LEEBI) of Mg-doped GaN 
[Amano1989]. The energy provided by the electron beam depassivated the Mg 
acceptors by breaking the Mg-H bonds formed during MOCVD growth. Soon 
thereafter, it was found that annealing GaN:Mg above 700oC in N2 or vacuum can also 
convert insulating GaN to p-conducting GaN [Nakamura1992], and this annealing 
method is more effective and more suitable for mass-production. Currently, it was 
found that the p-type GaN could also be achieved by means of UV or electro-magnetic 
wave irradiation at temperatures below 400oC [Kamiura1998; Tsai2000; Takeya2001]. 
These two major breakthroughs, i.e. the development of high quality GaN and 
achievement of p-type conduction, led to the rapid progress in the fabrication of GaN-
based devices. The first p-n junction LED was demonstrated by Amano et al. in 1989 
[Amano1989]. Following this, the commercial availability of blue LEDs with high 
efficiency and luminous intensity over 1 cd was announced by Nichia Chemical 
Industries [Nakamura1994]. In subsequent years, high brightness single quantum well 
structure blue, green, and yellow InGaN LEDs with luminous intensities above 10 cd 
have been commercialized [Nakamura21995; Nakamura31995]. In January 1996, the 
first working electric current-injection GaN-based LDs with separate confinement 
heterostructure was revealed by Nakamura et al., and later continuous-wave (CW) 
lasing was achieved at room temperature [Nakamura11996; Nakamura21996].  
In addition to optical laser and light-emitting diodes, a wide variety of 
electronic devices based on GaN were also fabricated about the same time. The first 
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significant achievement was the observation of a two dimensional electron gas (2DEG) 
formed by an AlGaN/GaN heterojunction, which was reported by Khan et al. in 1992 
[Khan1992]. The following year, Khan et al. reported the first DC performance of a 
GaN metal-semiconductor field-effect transistor (MESFET) [Khan21993]. In 1994, the 
first small signal measurements of a GaN MESFET [Binari1994] and an AlGaN/GaN 
HEMT [Khan1994] were reported. Then in 1996, Wu et al. reported the first measured 
microwave power of 1.1 W/mm at 2 GHz [Wu1996] in a GaN HEMT. Not too long 
after, the first X-band power of 0.27 W/mm was reported [Khan1996]. Since 1996, the 
power density reported for GaN HEMTs has increased dramatically, and power 
densities as large as 30 W/mm at 8 GHz were recently reported by Cree Company, NC, 
in December, 2003. Additionally, the realization of GaN monolithic microwave 
integrated circuit (MMIC) for distributed amplifier was reported by Green et al. [Green 
2000]. Work on GaN bipolar transistors began later, with the first AlGaN/GaN HBT 
reported in 1999 [McCarthy1999]. Shortly later, Yoshida et al. demonstrated HBTs 
with common emitter current gains greater than 10 [Yoshida1999]. In 1999, Limb et al. 
reported improved HBTs in which the emitters were selectively regrown [Limb1999]. 
More recently, HBTs with current gains as high as 35 at 300 K were reported by Xing 
et al. [Xing22001]. Moreover, other various GaN-based electronic devices were also 
demonstrated, for instance, the first GaN junction field-effect transistor (JFET) 
fabricated with ion implantation doping has been realized by Zolper et al. 
[Zolper11996]. The Ga2O3 (Gd2O3) gated GaN metal-oxide-semiconductor field-effect 
transistor (MOSFET) was first demonstrated by Ren et al. [Ren1998]. The AlGaN 
rectifier with breakdown voltage of 4.3 kV was also reported by Zhang et al. 
[Zhang2000].The first current aperture vertical electron transistor (CAVET), which 
contained regrown aperture and source regions, was completed in 2001 from the  
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UCSB group[Yaacov2002]. Recently, achievements of ferromagnetism in transitional-
metal-doped GaN brought strong potential for new classes of ultra-low-power, high 
speed memory, logic and photonic devices based on spintronics [Pearton2004]. 
As reviewed above and summarized in Table 1.3, research of gallium nitride 
started with synthesis of GaN crystals and measurement of material properties as early 
as in the 1930s. However, the real booming period for GaN technology occurred 
during the past decade. The 1990s have brought significant advances in the 
sophistication of growth techniques, improvement of impurity doping and progress of 
processing techniques. Many optical and electronic GaN-based devices have been 
demonstrated and partially commercialized after technical obstacles have been 
sufficiently overcome.  The commercially viable devices, namely GaN-based LEDs, 
LDs and UV detectors have established themselves as extremely important for next 
generation optoelectronics by filling the void in the optoelectronic spectrum from the 
green to the ultra-violet. A broad range of GaN electronic devices have also been 
realized, including high electron mobility transistors (HEMTs), heterojunction bipolar 
transistors (HBTs), bipolar junction transistors (BJTs), Schottky and p-i-n rectifiers 
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Table1.3. Remarkable achievements in III-nitride material and devices in 
chronological order  
 
Year Remarkable Achievement Authors and Affiliation 
1969 GaN single-crystal by HVPE technique Maruska and Tietjen, RCA 
1971 
Blue MIS-LED 
GaN grown by MOCVD technique 
Pankove et al., RCA 
Manasevit et al., TRW, Inc. 
1974 GaN grown by MBE technique Akasaki et al., Nagoya Univ. 
1986 
High-quality GaN film (by pioneering low-
temperature AlN nucleation layer technology)  
Amano et al.,  Nagoya Univ. 
1989 
Discovery of p-type conduction in Mg:GaN by 
LEEBI and GaN p-n junction LED 
Amano et al.,  Nagoya Univ. 
1991 High-quality GaN film using GaN buffer layer  Nakamura, Nichia Chemical 
1992 
Mg activation by thermal annealing 
Observation of 2DEG formed by AlGaN/GaN  
First GaN UV detector 
Nakamura, Nichia Chemical 
Khan et al., APA Optics, Inc. 
Khan et al., APA Optics, Inc. 
1993 DC performance of GaN MESFET and 1st GaN  Khan et al., APA Optics, Inc. 
1994 
InGaN/AlGaN DH blue LEDs (1cd) 
Microwave AlGaN/GaN HFET and HEMT 
Nakamura et al., Nichia Chemical 
Khan et al., APA Optics, Inc. 
1995 RT pulsed operation of blue LD Nakamura et al., Nichia Chemical 
1996 
RT CW operation of blue LD 
Microwave power AlGaN/GaN HEMT 
Ion-implanted GaN JFET 
Nakamura et al., Nichia Chemical 
Wu et al., UCSB 
Zolper et al., Sandia National Lab 
1997 
White LED based on blue LED and YAG coating 
AlGaN/GaN HEMT on SiC substrate 
Nakamura et al., Nichia Chemical 
Binari et al. Naval research Lab 
1998 
1st AlGaN/GaN HBT 
1st GaN MOSFET 
McCarthy et al., UCSB 
Ren et al., Florida Univ. 
2000 
Si3N4 surface passivated AlGaN/GaN HEMT  
1st GaN monolithic distributed amplifier 
4.3 kV AlGaN rectifier  
Green et al., Cornell Univ. 
Green et al., Cornell Univ. 
Zhang et al., Florida Univ. 
2001 1st GaN-based CAVETs  Ben-Yaacov et al., UCSB 
2002 
Blue-violet LD at RT over 100,000 hours 
RT ferromagnetism in (Ga,Mn)N grown by MBE 
Sony 
Thaler et al., Florida Univ. 
2004 30W/mm at 8 GHz GaN HEMT with field plate Wu et al., Cree, UCSB 
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1.3 Research of Ion Implantation in Gallium Nitride 
When Maruska et al. succeeded in growing GaN on sapphire substrate in the 
late 1960s using chemical vapor deposition [Maruska1969], it became obvious that 
doping would play a vital role in the future development of GaN. In order to fabricate 
the device it is necessary to realize controllable n-type and p-type doping in GaN 
material. Until recently, most of gallium nitride doping was made during epitaxial 
crystal growth, especially for optical applications including commercial III-Nitride 
LEDs, LDs. However, this growth doping only can achieve doping vertically and is 
limited by equilibrium solubility. For future advancement of GaN device technology, 
the use of ion implantation for precise control of doping laterally and vertically in 
selective area or isolation of GaN wafer is a critical requirement [Eiting1998].  Ion 
implantation has been the foundation of most advanced electronic devices and, to a 
lesser extent, photonic devices in mature semiconductor material systems such as 
silicon and gallium arsenide [Chang1996]. 
The ion implantation research work in GaN began more than three decades ago.  
In the early 70’s Pankove and co-workers conducted the first ion implantation study in 
GaN. In this early work the energy levels of common dopants (Si, C, Be, Mg, Zn and 
Cd) in GaN were first determined through photoluminescence measurements [Pankove 
1976]. After this initial work, the pace of research of ion implantation in GaN slowed, 
to some extent because of the high resistance against damage recovery and lack of 
success in p-type doping [Nakamura41995]. Nevertheless, much progress has been 
made in doping during epitaxial crystal growth since. Amano and Nakamura achieved 
p-type conducting GaN with magnesium acceptors [Amano1989; Nakamura1992].  
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In ion implantation research, the first use of ion implantation for device 
processing was by Kahn et al. in 1983, who used Be+ and N+ to improve the Schottky 
barrier performance by compensating the GaN substrate background n-type behavior 
[Khan1983]. Ten years later, they used hydrogen ion implantation to isolate the mesa 
in the fabrication of the first AlGaN/GaN HEMT [Khan11993]. In 1995, Pearton et al. 
achieved electrically active n- and p-type dopants in GaN from implantation of Si and 
Mg respectively [Pearton1995]. Lately, implanted O+ was also shown to be a donor 
and implanted Ca+ an acceptor in GaN [Zolper21996]. Other miscellaneous elements 
have also been investigated by different research groups for different purposes.  Te+, 
Se+ and S+ [Cao11999] have been implanted into GaN as donor candidates and 
investigated electrically.  Zn+ [Strite1997] and Be+ [Ronning1999] implantations have 
also been explored for possible acceptors besides the commonly used Mg+. The 
implantation of the light elements of H+ and He+ [Pearton1998; Uzan-Saguy1999] and 
the isovalent elements of N+ and P+ [Binari2 1995; Hanington1998], have been 
investigated for the purpose of facilitating the isolation. Furthermore, the optical 
properties of rare earth elements implanted GaN have been also studied [Hansen1998; 
Wang2003]. In particular, the 1.54 µm intra-4f shell emission of erbium in the trivalent 
state (Er3+) is promising for the telecommunications industry due to the fact that it 
coincides with a minimum in attenuation in silica based optical fibers.   
For the demonstration on implanted devices, Zolper et al. (1996) reported a 
first fully ion-implanted GaN JFET with n-channel and p-gate formed by Si and Ca 
implantation respectively [Zolper11996], and this result demonstrated the feasibility of 
ion implantation processing of GaN material. Torvik et al. (1996) have demonstrated 
the room temperature Er3+-related electroluminescence at 1.54 μm and 1 µm from a 
Er+ and O+ co-implanted GaN metal-insulator n-type LED [Torvik1996]. GaN p-n 
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diodes have also been formed by Mg+ implantation in n-type GaN epitaxial layers and 
subsequent annealing. Kalinina et al. have demonstrated that a rectification factor of 
not less than 105 at a voltage of 3 V can be obtained for such p-n diodes [Kalinina 
1999].  
 
Table1.4. Remarkable research achievements in ion Implantation for GaN in 
chronological order  
 
Year Remarkable Achievement Authors 
1976 Photoluminescence of ion-implanted GaN Pankove et al. 
1983 Be+ and N+ implants to improve the Schottky barrier  Kahn et al. 
1993 Proton implantation to isolate mesa of AlGaN/GaN HEMT Kahn et al. 
1995 n- and p-type implantation from Si+ and Mg+, respectively Pearton et al. 
 N+ and P+ were implanted to facilitate isolation  Binari et al. 
1996 O+ and Ca+ was implanted as donor and acceptor, respectively Zolper et al.  
 First fully ion-implanted GaN JFET by Si+ and Ca+ Zolper et al. 
 Er+ and O+ co-implanted GaN metal-insulator n-type LED Torvik et al. 
1997 Zn+ was implanted into GaN as acceptor Strite et al. 
1998 Rare earth Er:GaN optical activation Hansen et al. 
1999 Te+, Se+ and S+ were implanted into GaN as donor candidates Cao et al. 
 Be+ implantation as acceptor was investigated Ronning et al. 
 Electrical isolation from H+ and He+ implantation Pearton et al. 
 GaN p-n diodes by Mg+ implantation Kalinina et al. 
 
 
As described above and summarized in Table 1.4, great progress has been 
reported for ion implantation of the GaN material system; n-type (mainly Si and O) 
and p-type (mainly Mg and Ca) implantation doping of GaN have already been 
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demonstrated.  In addition, implant isolation and luminescence of doped rare-earth 
were also investigated. Furthermore, GaN-based devices using implanted dopants have 
also been reported. Doubtless, with continued improvements in the quality of GaN 
materials, ion implantation doping and isolation can be expected to play an important 
role in the realization of many advanced device structures, and can push the GaN-
based devices performance to their full potential.  
1.4 Motivations and Synopsis of Thesis 
Ion implantation doping technique has many advantages including independent 
control of the doping level, selective area doping, and the ability to fabricate planar 
devices and self-aligned structures. In the past decade, much progress has been made 
in ion implantation research of GaN materials. However, compared to the mature ion 
implantation processes in conventional semiconductors (i.e., Si and GaAs); this 
technique is less well developed for GaN. There are still many areas for further 
research. 
Firstly, to achieve activated implanted dopants and remove implantation 
induced damage, the ability of the GaN material to withstand the required high 
temperature annealing process (usually>1000°C) must be assessed. One key challenge 
is the avoidance of surface degradation, which will have an undesirable impact on the 
device performance, during the high-temperature activation annealing. Therefore, this 
research performed a systematic study of the electrical activation and crystalline 
structure of Si-implanted GaN, as described in Chapter 3. The main objective is to 
optimize the post-implantation annealing process based on our own equipment 
resources to maximize dopant activation and minimize the surface degradation. 
Secondly, there is still the critical issue of achieving sufficiently high p-type 
conductivity by doping with acceptors. The high n-type background concentration 
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more or less universally measured makes it unlikely that p-type doping would be easily 
obtained. In principle, GaN can be made p-type by implantation of common group II 
elements, including Mg, Ca, Zn and Cd. However most of them will be located at deep 
acceptor levels with activation energies larger than 150 meV, many kTs above the 
valence band, thus limiting the number of free holes at room temperature 
[Akasaki1991]. Therefore, the search for an acceptor species that has low activation 
energy is of particular interest. Beryllium (Be) has been shown theoretically as a 
promising candidate for p-type doping with the shallowest acceptor level in GaN of   
60 meV so far [Bernardini1997].  This may open the way to a more efficient p-doping 
of GaN. Hence, this research also explored Be implantation in Chapter 4. It presented 
new effective annealing processes for the activation of Be dopants, and the electrical, 
optical and structural proprieties of the annealed Be-implanted GaN films have been 
studied.  
Thirdly, also most importantly, there is still very limited work on the use of ion 
implantation for GaN electronic devices. Till now, the achievement was only from 
fully-implanted JFET reported by Zolper et al [Zolper11996].  Though AlGaN/GaN 
HEMT has been demonstrated most successfully so far among GaN devices, to date, 
ion implantation has not been applied to HEMTs yet [Zolper31996]. As we know, good 
ohmic contacts to source and drain regions are essential for the realization of near-ideal 
field effect transistor performance. Implantation is a practical means to achieve 
selective area doping required to reduce the transistor contact resistance. Therefore, 
based on our Si implantation achievement, this research carried out the integration of 
ion implantation technology with our fabricated AlGaN/GaN HEMT device, which is 
reported in Chapter 5 and Chapter 6.  Ion implanted ohmic contacts for selected source 
and drain area were formed, and the device performance was characterized. 
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In summary, the first part of this thesis aims to investigate the ion implantation 
of GaN, including the selection of dopant species, optimization of activation, damage 
removal and crystalline structure recovery. etc.  The second part of our research is to 
integrate the ion implantation process to HEMT device fabrication. The implanted 
ohmic contacts will be fabricated to minimize the contact resistance so as to improve 
device performance. To realize these promising aspects, a good theoretical foundation 
is important. Hence, Chapter 2 will focus on the background study of several important 
aspects of ion implantation, which include damage, post-implantation thermal 
annealing and characterization techniques. It will provide the theoretical framework for 
this research work. 
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Chapter 2 
Implantation Background and Characterization Techniques 
 
2.1 Advantages of Ion Implantation 
Three primary approaches, namely in-situ doping, thermal diffusion, and ion 
implantation, are commonly used for introducing dopants into a semiconductor 
material for the purpose of controlling its electrical or optical properties. They are all 
well-established techniques with widespread use one following another in fabricating 
devices for the more mature material systems such as Si, GaAs.  
For in-situ doping, dopant atoms are introduced into the semiconductor during 
its growth, most commonly during epitaxial layer growth. This method is typically the 
most expensive option and its flexibility is limited by dopant solubility, doping region, 
etc. Thermal diffusion involves the high temperature process during which dopant 
atoms are diffused into semiconductors through the motion of species along the 
direction of concentration gradient. Due to the chemically robust nature of wide-
bandgap materials, the diffusivities of nearly all dopant impurities into GaN are quite 
low even at elevated temperature up to 1450°C [Wilson1999]. Thus, doping for GaN 
via diffusion is not easy due to the high temperature and long duration that would be 
required. The third alternative, ion implantation, introduces dopants to form buried 
layers and to modify solid surfaces. It accelerates the dopant ions toward the target 
solid surface and let them penetrate in the solid up to a certain depth determined by the 
ion energy. It is the most common technique of dopant introduction in advanced 
semiconductor manufacturing. Compared with the other two doping approaches, ion 
implantation offers many technological advantages that are important in the fabrication 
of semiconductor devices [Chason1997].  
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1. Precise controlled dosage over several orders of magnitude is possible by 
measurement of the ion current. (range from 1012 ions/cm2 for threshold adjustment 
to 1018 ions/cm2 for buried insulators) 
2. Precise controlled depth profile is directly related to the ion implantation energy. 
(Energy range from < 1 keV for shallow junction to > 1 MeV for buried layer 
formation) 
3. Wide selection of dopants and less stringent requirement on source purity are 
attributed to the use of mass analyzer for ion extraction. 
4. The implantation process is not constrained by thermodynamic consideration. This 
means that any species of ion can be implanted into any host material. A wide 
concentration range can be achieved, which is not limited by solid solubility.  
5. Ion implantation can provide selective area doping by simply using masking 
methods (e.g., photoresists, oxides, nitrides), as well as the ability to implant 
through the thin surface layers. 
6. In contrast to high temperature processing, ion implantation is an intrinsic low 
temperature process, although subsequent annealing is generally required. 
7. Ion implantation brings excellent reproducibility, uniformity, and speed to the 
doping process, and it can be included in the semiconductor process technology 
and can be designed for specific applications. 
2.2 Ion Implantation Range and Distribution 
Ion implantation is the process of introducing impurity atoms to the 
semiconductor by: ionizing the impurity element; accelerating it through a high 
potential (from kV to higher than MV energies); and then directing this beam of 
ionized particles into the semiconductor substrate. The ions interact with the host 
atoms in the form of collisions and eventually come to rest in the semiconductor when 
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they lose all their energy. The two ways in which the ion can lose energy are by 
nuclear stopping and electronic stopping typically [Sze1998], the mechanism of energy 
loss of an incident ion is a combination of both the stopping mechanisms. The ability 
of the target material to stop the incident ions, termed the total stopping power, S, is 





dES )()( +=                                      (2-1) 
 
where E is the energy loss for a path length of x. 
Electron stopping dominates when the implanted ion energy is high and atomic 
mass is low. It occurs by electronic collision, which is inelastic and involves small 
energy losses. Its contributions to the deflection of implanted ion and lattice damage 
are therefore also negligible. This energy loss mechanism is through the interaction 
between the implanted ion and the “sea” of both valence and core electrons of the host 
atoms. Much of the lattice space is composed of this cloud of electrons and many of 
these interactions will occur. The inelastic property of the collisions implies that the 
energy lost by the incoming ions is dissipated through the electron cloud and lost as 
vibrations of the host atoms. 
Nuclear stopping dominates when the implanted ions have relatively low 
energies and large atomic masses. It is concerned with the binary and elastic collisions 
between the implanted ion and the host atom. By elastic, it means that some of the 
energy of incoming ion is transferred to the target atom, and this causes the lattice to 
be displaced from its original lattice site thereby producing lattice disorder. This type 
of collision involves significant energy losses and large angular deflections in the 
trajectory of the implanted ion.   
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The whole behavior is illustrated in Figure 2.1 for the simulated implantation of 
Ca+ ions into GaN film [Wenzel2001]. The ion energy ~ 30 keV is the energy where 
nuclear stopping power reaches its maximum, ~270 keV is the energy where electronic 
and nuclear stopping power are equal and ~50 MeV is the energy where the electronic 
stopping power has its maximum. Summing both stopping effects, the projected range 
of most ions is roughly proportional to the ion’s incident energy. 
 
























Ion energy (keV)  
Fig. 2.1: Dependence of the electronic (dE/dx)e and nuclear (dE/dx)n stopping power in 




The projected range of implanted ions was first theoretically investigated by 
Lindhard, Scharff and Schiøtt (1963) and their results are generally referred to as the 
LSS theory based on Boltzman transport equation. They showed that the statistical 
range, n(x), of the implanted ions will follow a Gaussian distribution about an average 
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20 π , Φ is the dose. 
Additional moments can be added to the Gaussian profile to more accurately 
describe the distribution profile. When light incident ions make collisions with host 
atoms, they experience a significant degree of backscattering. This causes the profiles 
to be more negatively skewed. Moreover, if the incoming ion is parallel to a major 
crystal orientation of target material, an effect called channeling can occur that may 
greatly distort the predicted final position of the ion. To offset this problem and 
minimize the channeling effect implants can be rotated and tilted and are most often 
performed off axis with a typical tilt angle of 7°. Anyway, the basic Gaussian profile 
remains a sufficient predication for all ion implantations into semiconductors because 
the more complicated distributions just offer little improvement over it. In this project, 
we used a TRIM (Transport of Ions in Matter) code [Ziegler1985], one Monte Carlo 
computer simulation program, to simulate the profiles of implanted dopants into GaN 
films. 
 
2.3 Damage and Post-implantation Annealing 
One drawback of ion implantation is the damage created during energetic ion 
bombardment. As an ion passes through the crystal, point defects consisting of 
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interstitials and vacancies or Frenkel pairs are generated, and more complex defects 
can be created along with clusters of these defects depending upon the ion, the dose, 
and the implant temperature. These complex implant damages can consist of either 
amorphous layers or extended crystalline defects such as dislocations and stacking 
faults. Extended defects can be caused by an accumulation of point defects and are 
common in implanted materials. During implantation each ion produces a region of 
disorder along the ion path. The amount of lattice disorder builds up until an 
amorphous region forms. The dose required to form a uniform amorphous region is 
termed the critical dose. For example, a dose of 2.4 × 1016 cm-2 for 100 keV Si ions 
was required to reach the amorphous disorder level in GaN [Tan1996]. 
 The aim of the post-implantation annealing process is both to activate the 
implanted dopants onto the appropriate sublattice position, and to repair the radiation 
damages to the crystal lattice. Many defects within the implanted region form localized 
deep levels that act as traps for free carriers and compensate shallow donors or 
acceptors. These deep levels can also reduce the efficiency of optical devices by 
offering preferential non-radiative recombination. The crystalline disorder also 
provides a high concentration of scattering centers that greatly decreases the mobility. 
In any event, these implantation induced damages will degrade the electrical and 
optical properties of semiconductor material. When an implanted sample is annealed, it 
is possible to heal some or all of the damage at an appropriate temperature for an 
appropriate period of time.  
 The annealing temperature for optimal implantation damage removal in 
compound semiconductors generally follows a two-thirds relationship with respect to 
the melting point of the material and has been intensively investigated for the common 
semiconductors. In previous implantation studies of GaN, it has been shown that a 
 22 
Chapter 2                             Implantation Background and Characterization Techniques                        
 
temperature well above 1100°C is needed to remove the implantation induced damage 
[Pearton1995]. Though GaN has a high melting point, it will decompose at much lower 
temperatures due to the very strong triple bond of molecular nitrogen (N2) that makes 
less negative Gibbs free energy of the nitride constituents [Karpinski1984]. Therefore, 
GaN surface decomposition already starts as low as 900°C [King1998] resulting in the 
formation of N2 and the consequent loss of nitrogen. Hence, one has to use an 
annealing technique which protects the GaN surface from decomposition. 
There are three common ways used to protect the GaN surface during post-
implantation annealing. The first one is placing one sample of the same type face down 
to the sample to be annealed. This method is known as proximity geometry and the 
most convenient for research; however it does have the disadvantage of partial loss of 
nitrogen from near surface edges. The second method to protect the GaN 
semiconductor surface that has been extensively studied is the use of a nitrogen 
overpressure. One way to achieve this is to supply a reservoir of excess semiconductor 
material in the form of a powder or finely granulated material. This excess material 
will release nitrogen which will provide the overpressure to the active wafer surface. 
Success has been reported in using InN, GaN and AlN powders as the material in the 
reservoir [Hong1997]. However, this method is more complex and needs special 
preparation for the reactive ambient. The last method for high temperature annealing is 
to encapsulate the GaN with sputtered or grown AlN. This is often the most effective 
method, and AlN capping is thermally very stable because it has higher bond strength 
than GaN [Zolper41996]. It can survive up to 1400°C and act to suppress the 
dissociation of the GaN, as shown in Figure 2.2. The AlN cap can be deposited by 
using argon plasma to sputter an Al target in flowing reactive N2. Following annealing, 
the AlN cap is selectively removed by a wet KOH-based etching at 60-70°C 
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[Mileham1995]. This etch has been shown to remove the AlN at rates between 60-
10000 Å/min, dependent upon the film quality, while no measurable etching of GaN 
was observed under this condition. 
  
Fig. 2.2: Atomic force microscope images of GaN after 1100°C, 15s anneal either 




2.4 Characterization Techniques 
It is important to characterize the properties of both the implanted and annealed 
films in order to monitor and optimize the experimental process. Among various 
categories of material properties, most research has focused on characterizing the 
electrical, optical and structural properties, because they are most meaningful in 
determining device performance in most applications. In our project, Hall Effect 
measurement was carried out to investigate the electrical properties of the GaN films 
(i.e. carrier concentration, carrier mobility, sheet resistivity), photoluminescence (PL) 
was employed to study optical properties (e.g.. radiative center, non-radiative center), 
and X-ray diffraction (XRD) and Raman scattering were used to probe structural 
properties (e.g.. strain, defects). In addition, routine observation using scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) were done to study 
surface morphology. 
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2.4.1 Hall Effect Measurement 
 
The Hall Effect [Hall1897] is used to determine the conductivity type and 
carrier concentration of semiconductors by forcing a constant current, I, through a 
sample within an orthogonal magnetic field, B. Under such conditions, the free charge 
carriers will experience a Lorentz force, FL, given by: FL = e (ν × B), where v is the 
drift velocity of the carriers. Because electrons and holes have opposite charge (-e and 
+e) they flow in opposite directions under the Lorentz force. If either carrier type is 
dominant, the accumulation of internal charge induces a steady state Hall voltage, VH, 
as shown in Figure 2.3 (a), whose sign determines the carrier type. Based on balancing 
magnetic and electrostatic forces on a mobile charge e, the following equation can be 
written: 
W
























Fig. 2.3: Hall Effect measurement (a) Hall Effect schematic diagram, and (b) Van 
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Moreover, the current expressed in terms of the drift velocity is:  
 
 vtWenI ×•××=                                            (2-4) 
 
where n is the density of charge carriers, W.t is the cross-section area through which 






 R HH ⋅
⋅=⋅=                                            (2-5) 
 






R R HHHs ⋅==  .                                            (2-6) 
 
The contact geometry shown in Figure 2.3 (b) represents the van der Pauw 
technique, which is used to measure the Hall Effect and determine the sample sheet 
resistivity [Pauw1958]. To minimize the effect of the contact resistivities, the current 
source is first applied to contact pair 1-2 and the voltage is measured across contact 
pair 3-4. The current is next applied to contact pair 1-4 and the voltage is measured 
across contact pair 2-3, and so on one after another. A total of eight different current-
voltage pair measurements are averaged to calculate the sheet resistivity, ρs, then four 
different current-voltage pair measurements each under forward and reverse magnetic  
fields are averaged to calculate the Hall coefficient.  
The sheet carrier concentration ns is calculated from the measured sheet Hall 
coefficient RHs,  
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 n ⋅=                                                (2-7) 
If the thickness t is given, the bulk carrier concentration n is given by n=ns/t.          
The calculation of the Hall mobility uh does not depend on sample geometry but only 







R u =                                                (2-8) 
 
Moreover, temperature dependent Hall measurement provides carrier 
concentration and mobility values as a function of temperature. In general, the carrier 
concentration is related to exp (-Ea/kT). The activation energy of the dopants, Ea, can 
be found from the slope of an Arrhenius (log(n) versus 1/T) plot. In our project, a Bio-
Rad HL5500PC Hall effect system was employed to study the electrical activation of 
implanted dopants. 
 
2.4.2 Photoluminescence Measurement 
 
Photoluminescence (PL) is the optical emission obtained by photon excitation 
(usually a laser) and is commonly observed with III-V semiconductor materials. It 
allows contactless, non-destructive characterization of semiconductors (impurities, 
material composition, qualitative investigations, etc.) For direct-bandgap III-nitrides, 
PL has become an extensively used characterization technique to study the optical 
properties of the semiconductor materials. 
When a semiconductor is optically excited by photons with energy larger than 
the bandgap (hν>Eg), the electrons are excited into permissible excited states, and 
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leave the holes behind. These non-equilibrium electrons and holes, and other quasi-
particles ultimately will recombine through various transitions, which may include the 
emission of light (radiative process, spontaneous emission) or may not (non-radiative 
process, thermal relaxation). The energy of emitted light or PL is related to the 
difference in the energy levels involved in the transitions; the quantity of PL is related 




















Fig. 2.4 Illustration of several possible radiative recombination transitions (after 




There are many possible radiative recombination mechanisms, and PL in solids 
can be the result of transitions between states localized to dopants, impurity or 
transitions between band states. Figure 2.4 shows several possible radiative 
recombinations [Gilliland1997], i.e,  
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1. Band-to-band transition (e, h): the across the bandgap transition of a free electron 
in the conduction band to a free hole in the valence band, which is typically 
dominant in room temperature spectra. As a result this recombination emits 
photons with energy of the bandgap Eg. 
2. Free hole to donor transition (D0, h): the radiative transition between a free hole in 
the valence band and an electron bound to the donor. The emitted photon energy is: 
Dg EEh −=ν , where ED is the shallow donor binding energy. 
3. Free electron to acceptor transition (e, A0): the radiative transition between a free 
electron in the conduction band and a hole bound to the acceptor. The emitted 
photon energy is: Ag EEh −=ν , where EA is the acceptor binding energy. 
4. Donor-acceptor-pair transition (DAP): the transition between an electron bound to 
a donor and a hole bound to an acceptor.  The coulomb interaction between a donor 
and an acceptor results in a lowering of their binding energies. The DAP 







)( εεν ++−= , where r is 
the distance between donor and acceptor. 
5. Free exciton transition (F, X): a free exciton is formed when a free electron and 
hole as a pair of opposite charges experience a Coulomb attraction. Free excitons 
are intrinsic quasi-particle states in semiconductor, whose signal is expected to 
dominate for high purity and high quality semiconductors at low temperature.  The 
Coulombic attraction results in a free exciton binding energy 222
4 1
8 nh
qmE rx ε−= , 
where n is an integer (n ≥ 1) indicating various exciton states and mr is the reduced 
mass. The free exciton recombination emits the photons with energies 
xg EEh −=ν , slightly less than that of band-to-band recombination.  
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6. Bound exciton transition (D0, X) or (A0, X): impurities including donor and 
acceptor can attract excitons that become localized at these sites, becoming bound 
excitons. In this case, the emitted photon energy is bxxg EEEh −−=ν , where Ebx 
is the bound exciton binding energy. 
The most common radiative transition in semiconductors is between states in 
the conduction band and valence band, with the energy difference being known as the 
bandgap. However, the intrinsic band-to-band transition is not observed in optical 
experiments in materials like GaN, where the band edge transitions are completely 
dominated by excitons even at room temperature. Therefore, the extraction of its 
bandgap should take into account the exciton binding energy.  
Radiative transitions also involve localized defect levels. The PL energy 
associated with these levels can be used to identify specific defects, and the intensity of 
PL can be used to determine their concentration. For implantation doping in GaN, the 
PL lines from dopant-related transitions provide the information for doping 
concentration and activation energy. 
In addition to the peak energy of a particular PL transition, the intensity and 
full-width-half-maximum (FWHM) values of the line shape are also of interest. Both 
parameters are affected by crystal quality, where the presence of a great number of 
impurities and defects can reduce the intensity and increasing the FWHM of the PL 
peak. 
It should be pointed out that our PL experimental setting is a surface technique, 
probing only the material within an absorption length of the surface and that only 
relative measurement of the emitted intensity are possible. Sometimes, when the 
samples are held at low temperature, a cryostat is required in which the sample is 
cooled to as low as liquid helium temperature. Lower temperature reduces the thermal 
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broadening of excited carrier energy. Cooling therefore produces sharper and more 
readily identified peaks, and also reduces the role of competing non-radiative paths for 
recombination. 
In this project, the room-temperature PL experimental set-up is the Renishaw 
System 2000. The PL system is excited with a 20mW He-Cd laser working at 325nm 
(3.815eV) and is detected in a back-scattering geometry through a photomultiplier and 
lock-in amplifier. The low-temperature PL system is computer-base controlled. The 
sample is located in a cryostat, which allows the measuring temperature to be adjusted 
from about 4 K to room temperature. The resulting luminescence is collected through 
two lenses and is coupled into a SPEX 750M monochrometer by which the 
luminescence is then spectrally dispersed. After that, the dispersed luminescence is 
detected by a photomultiplier tube (PMT) that is suitable for detecting light from near-
UV to 1200 nm. The DC signals produced by the PMT are measured using a Stanford 
Research Systems SR830 lock-in amplifier, and data are recorded and processed by 
computer system. 
 
2.4.3  X-ray Diffraction Measurement 
 
X-ray diffraction (XRD) is a well-developed, versatile and powerful technique 
for non-destructive ex-situ characterization of semiconductor structures. Structure 
information, such as crystalline quality, strain relaxation, and lattice constant can be 
accurately obtained with high resolution XRD [Fewster1993]. All these information 
are very important for monitoring the annealing effect of implanted-GaN samples. 
Figure 2.4 shows the typical components and angles of the goniometer for a θ-2θ  X-
ray diffractometer. The principle of the XRD is the Bragg’s law: 
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λθ nd Blhk =sin2                                         (2-9) 
where dhkl is the spacing of the lattice planes with Miller indices {h k l}, θB is the 
corresponding Bragg angle, and λ is the wavelength of X-ray radiation. The spacing of 
the lattice planes with Miller indices {h k l} can be calculated with following equation 






















hkkhd lkh                            (2-10)  
 






















Fig. 2.5 Schematic diagram of some components and angles of the goniometer for θ-2θ 
x-ray diffractormeter.  
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All the XRD measurements in the experiment were carried out with a Philips 
X’Pert MRD high resolution X-ray diffractometer system. It includes a copper (Cu) 
anode X-ray tube as the X-ray source, a Ge (220) symmetric 4-crystal monochromator 
as the incident beam collimator to select the Cu Kα1 radiation (λ = 1.54Å) and to 
confine the angular divergence to be about 12 arcsec, a sample stage (the goniometer), 
and a proportional detector with an analyzer (receiving slit). 
As shown in Figure 2.5, the sample stage can rock (ω scan), tilt (χ scan), or 
rotate (φ scan) around the respective axes. It also can move along the x-y-z directions 
to position the sample.  The χ axis allows for 180o tilting; and the φ axis normal to the 
sample surface can rotate through 360o. Moreover, in the XRD system the sample 
stage is also a precision goniometer with optical encoders on the axes that eliminate 
angular uncertainties on the two main axes of ω and 2θ.   
Among the most common XRD scan modes, radial-scan (ω-2θ or 2θ-ω scan) 
can do precise lattice constants measurement, which provides information about lattice 
mismatch between the film and the substrate. And therefore this measurement can give 
details of strain or stress levels in sample, an indication of implantation damage, 
precision composition measurement and the degree of relaxation in thin layer 
[Fewster1998].  
Another common mode is the angular-scan (ω scan), in which the detector (2θ) 
is fixed in position and the sample (ω) is rocked around the position that satisfies the 
Bragg condition. Hence, angular-scan is often referred as rocking curve scan. The 
broadening of the ω scan of the sample mainly is due to the disruption of the X-ray 
coherence by dislocation content and mosaic spread [Leszczynski1998]. Therefore, the 
rocking curve is very useful for evaluating the crystalline quality of GaN 
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[Heinke2000], which is typically indicated by several threading dislocations (TDs) 
content inside the film, namely, pure edge TDs, screw TDs, and mixed TDs. 
 
2.4.4 Raman Scattering Measurement 
 
Raman spectroscopy consists in sending a monochromatic light on the sample 
to study and analyze the scattered light. Raman scattering means that the wavelength 
or energy of the monochromatic light is shifted by the vibration of molecules or crystal 
lattice due to interaction between matter and monochromatic light. This inelastic 
collision between a photon and a molecule is known as the Raman Effect compared to 
the elastic Rayleigh scattering. The energy difference between the scattered photons 
(ħωs) and incident photons (ħωi) is exactly the difference between two energy levels of 
a molecular vibration (ħΩj). The energy of the scattered radiation is less than that of 
the incident radiation for the Stokes line and the energy of the scattered radiation is 
more than that of the incident radiation for the anti-Stokes line, as shown in Figure 2.6. 
At room temperature, Boltzmann distribution gives rise to more molecules in the 
ground vibration state than in higher vibration states, which makes the anti-Stokes 
features of the spectra much weaker than the corresponding Stokes lines. 
Virtual
anti-StokesStokes
Rayleigh Scattering Raman Scattering







Fig. 2.6 Schematic representation of vibration energy levels representing Raman and 
Rayleigh scattering. 
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Since during the interaction between the molecule and the photon, the total 
angular momentum in the electronic ground state has to be conserved, hence only 
certain specific transitions are possible. Selection rules are symmetry considerations 
(based on group theory) which give the necessary conditions for a phonon to be Raman 
active. They determine if the polarization directions of the incident and scattered light 
may be expected. A Raman active vibration can be detected if the polarizability α in a 
molecule is changed during the normal vibration. The intensity of a Raman active band 
I
Raman 














α                                         (2-11) 
 
where q is the vibration wave vector. In crystalline solids, the Raman effect deals with 
phonons, instead of molecular vibration. A phonon is Raman active only if the first 
derivative of the polarizability with respect to the vibrational normal coordinate has a 
non-zero value ( 0≠∂
∂
q
α ), and this in turns depends on the crystal symmetry. A phonon 
can be Raman active only in crystals without center of inversion.  
The Raman microprobe has important advantages in the microanalysis of 
semiconductor substrates for devices and the devices themselves. From Raman 
scattering measurements, we obtain several quantities (Raman parameters) which 
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I. Frequencies of Raman Lines 
The frequency of the phonon Raman line is a function of the interatomic forces 
which are related to the bond lengths. The change of the bond length (i.e., lattice spac-
ing) under stress gives rise to a shift of the Raman bands with respect to those in stress-
free crystals. The nature and magnitude of the stress (or strain) can be estimated from a 
Raman polarization measurement and from the value of the frequency shift. 
II. Raman Intensity 
The Raman intensity is closely related to the structure of crystals. Important 
information is often obtained from the intensity measurements. The Raman intensity is 
reduced in crystals damaged by ion bombardment, presumably because of the decrease in 
the Raman polarizability owing to breaking of bonds and changes in atomic forces and 
displacements. The atomic arrangement in a unit cell influences the Raman spectra. It 
has been observed in superlattices and polytype crystals that different arrangements of 
constituent atoms give very different Raman spectra. 
III. Linewidth and Line Shape 
Raman lines broaden in damaged and disordered crystals. This broadening arises 
from 1) a decrease in the lifetime of the phonons and 2) relaxation of momentum con-
servation in the Raman scattering process. If the stresses arising from external forces or 
the temperature are not uniform within the spot of the probe laser beam, Raman lines 
show a broadening as a superposition of the Raman bands with different peak frequencies. 
This is called inhomogeneous broadening. The inhomogeneous broadening is observed 
when the nonuniform stress or the non-uniform temperature distribution exists. In 
addition, impurities and dislocations in real crystals responsible for non-conservation 
of momentum are reflected as a broadening of spectral lines. Structural defects or 
impurity atoms also may yield weak extra signals in Raman spectra called local 
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vibrational modes (LVM). Electronic properties are also characterized by Raman 
scattering. The plasmon-LO phonon coupled modes in semiconductors give asymmetric 
line shapes. The carrier concentration and mobility can be determined from line shape 
analyses of the coupled mode. 
IV. Polarization Selection Rules 
For every crystal symmetry class, it is possible to calculate which phonons are 
Raman active, and in which measurement geometry, i.e. for which direction of 
polarization of the incident and scattered light, relative to the crystallographic axis. In 
the case of GaN, its stable wurtzite structure with space group , predicts eight sets 
of phonon normal modes at the Γ- point, 2A
4
6vC
1 + 2E1 + 2B1 + 2E2, according to 
momentum conservation rule. Among them, one of the A1 and one of the E1 modes are 
acoustic modes of vibration where all the atoms move in the same direction in the unit 
cell. This leaves six optical modes to be A1 + E1 + 2B1 + 2E2, and the vibration of the 




















Fig. 2.7 Relative motions of the atoms in the wurtzite GaN unit cell corresponding to 
the optical vibrations. The darker shaded atoms represent those of one polarity whilst 
the lighter shaded atoms represent those of opposite polarity. 
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The A1 and E1 modes are polar vibrations in which a net electric dipole is set up 
in each unit cell, since there is a net separation of charge for the A1 and E1 modes. The 
presence of the dipole induced by the polar modes also gives rise to a frequency 
splitting between the transverse (TO) and longitudinal (LO) optical vibrations. On the 
other hand, the B1 and E2 modes are non-polar and also no frequency splitting occurs. 
The two E2 modes, and similarly the B1 modes, are labeled as low and high since the 
displacements for the high mode are essentially a compression of atoms rather than a 
shear force (in the case of the low mode) which gives a naturally stronger restoring 
force and so a higher oscillation frequency. 
For these phonon modes, the A1 and E1 modes are both Raman and Infrared 
(IR) active, whereas the two E2 modes are only Raman active, and the two B1 modes 
are both Raman and IR inactive (silent modes) [Cardona1982]. Table 2.1 lists some 
representative values selected for these Raman phonon modes for GaN at 300K.  
 
 
Table2.1. Observed phonon frequencies (cm-1) at 300K for GaN Raman experiments 
 
 Kozawa et al. 
1993 
Davydov et al. 
1998 
Azuhata et al. 
1995 
Cros et al. 
1997 
E2(low) … 144.0 144 143 
A1(TO) 534 531.8 533 533 
E1(TO) 563 558.8 561 561 
E2(high) 572 567.6 569 568 
A1(LO) 736 734.0 735 735 
E1(LO) 745 741.0 743 740 
 
 
For the scattering geometry setup, if the z-direction is taken along the c-axis of 
GaN, the x- and y-directions are perpendicular to the c-axis. Here, conventional 
notation is employed for the scattering geometry; outside the parentheses, the symbols 
show, from left to right, the direction of incident and scattered light, respectively, and 
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inside the parentheses, from left to right, they give the polarization direction of the 
incident and scattered light, respectively. Table 2.2 summarizes the scattering 
geometry in which Raman-active modes are observed in wurzite GaN system. 
 
Table2.2. Raman scattering configurations and observable modes in wurtzite GaN: 
x||[100], y|| [010], and z|| [001]. 
 
Mode Configuration 
A1(TO) xyyx ),(  xzzx ),(    
A1(LO) zxxz ),(     
E1(TO) xzyx ),(  yzyx ),(    
E1(LO) yzyx ),(     
E2 zyyz ),(  zyxz ),(  xyyx ),(  zyyx ),(  
 
 
In perfect crystals, polarization selection rules hold exactly for off-resonant 
conditions. However, these selection rules break down in imperfect crystals containing 
disorder and randomly oriented micro-crystals. The relaxation of the selection rule 
provides information on disorder and imperfections in semiconductors.  
As shown in Figure 2.8, in our experiments, the high-resolution Raman 
scattering system used the 514.5nm (2.41eV) line of an argon ion laser. The laser beam 
was focused by a microscope lens system yielding a spot size of about 1um diameter. 
The spectral resolution can reach ~0.2 cm-1. The scattered light was collected by 
microscope objective and then dispersed through the JY-T64000 triple spectrograph 
system attached to LN2-cooled charge coupled device (CCD) detectors. The computer 
system is used for system control and data collection and analysis. 
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Fig. 2.8 Configuration diagram of our micro-Raman scattering system. 
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Chapter 3 
Silicon Implantation into GaN 
 
3.1 Donors in GaN 
Most of the n-type doping in GaN by ion implantation has been preformed with 
Si+ ions. Silicon, being a smaller atom, has a higher electronegativity of 1.9 when 
compared to Ga with an electronegativity of 1.8 [Pauling1960]. Therefore, Si prefers to 
substitute for Ga because the Si-N bond is more energetically favorable than the Ga-N 
bond. Referring to Figure 3.1, in order to replace the Ga atom and form covalent bonds 
with 4 other N atoms, the Si atom has to give up an electron so as to fit into the crystal 
structure. The electron which is free to move around in the crystal lattice contributes to 
the overall improved electrical conductivity of the wafer. Therefore Si atoms are 














Fig. 3.1: Introduction of implanted Si atom into GaN crystal lattice. To substitute the 
Ga site, Si atom will free one electron to fit the crystal bonding structure. Diagram is 
not indicative of the actual crystal structure.  
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Besides Si+ ion implantation, other donors , including  O+, S+, Se+, and Te+ ions 
have also been implanted and electrically investigated. The experimentally measured 
ionization energies of the donors are summarized in Table 3.1. These energy levels are 
rather shallow so that the majority of the donors are ionized at room temperature. 
Oxygen is a shallow donor in GaN, and may cause background n-type behavior 
[Wetzel1997]. However, studies on O+ implantation in GaN indicate low implantation 
activation efficiency [Zolper21996; Edwards1997]. The achieved sheet electron 
concentration after implantation with other ion species (S, Se, and Te) is below the 
values reported for Si+ ion doping. Therefore, group VI elements are not advantageous 
for the formation of n-type doping in GaN. In this chapter, we mainly investigate 
silicon implantation and high temperature annealing while avoiding the decomposition 
of GaN with the use of an AlN encapsulant layer on the top surface of GaN. Electrical 
and optical characteristics were examined to confirm the activation of silicon dopants.   
 
Table3.1. Summary of the experimentally determined ionization energies of various        
donors after ion implantation in GaN. 
 
Ion species Ionization energy level  
Si 29 meV  [Zolper51996] 
O 78 meV [Chung1992]  , 28.7 meV [Zolper21996] 
S 48±10 meV [Cao21999] 
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3.2 Experimental Procedure 
3.2.1 Ion Implantation 
The semi-insulating GaN epitaxial layers used in the experiments was grown † 
by MBE. Prior to the growth of 1μm-thick unintentionally-doped (UID) GaN layer, a 
thin AlN  buffer layer was grown on the 2-inch single-side polished sapphire (0001) 
substrate in advance. The as-grown wafer had smooth surfaces and very low 
background  electron sheet concentration of 1011cm-2. Before implantation, a ~100nm 
reactively sputtered AlN layer was deposited on the top surface of the wafer to provide 
a post-annealing encapsulant to avoid GaN decomposition [Zopler41996; Tan1998]. 
The wafer was then implanted with 29Si+ ions at room temperature using the Varian 
200-DF4 implanter at 300K with a 7° tilt, an energy of 150keV with a dose of 
5×1014cm-2. The Si+ projected range from the u-GaN top surface was calculated to be 
around 46nm from TRIM simulation [Ziegler2002]. 
 
3.2.2 Post-implantation Annealing 
After implantation, the wafer was cut into 7×7mm2 samples. These samples, 
encapsulated with 100nm sputtered AlN, were then annealed in an AST Electronik 
SHS10 Rapid Thermal Process (RTP) system in a flowing N2 ambient, and it should be 
noted that the maximum temperature capacity for our RTP equipment is 1100ºC. The 
various temperature and duration schedules for the annealing procedure are given in 





                                                 
† The GaN films were grown by SVT Associate, Inc., of Eden Prairie, MN. USA. 
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Table3.2. Annealing conditions for labeled samples. 
 
           Dwell time 
 
Temperature         
15s 30s 60s 120s 
800°C sample A_1 sample A_2 sample A_3 sample A_4 
900°C sample B_1 sample B_2 sample B_3 sample B_4 
1000°C sample C_1 sample C_2 sample C_3 sample C_4 




Prolonged annealing processes at 1100ºC for 5 and 10 minutes were also 
carried out to test the robustness of the AlN encapsulant. For our worst scenario, one of 
the samples after annealing for 5 minutes began to show that some area of the AlN was 
destroyed. Observation under optical microscope showed some visible whitish pitting 
on the AlN film. This failure of the AlN film may originate from the weak points or 
voids of the deposited AlN layer. Our AES analysis of this sample showed a very high 
O2 atomic concentration in the AlN film. This high oxygen contamination may 
contribute to the poor quality of the deposited AlN layer. Therefore, a maximum 
annealing dwell time of 120s was chosen for sufficient protection from our sputtered 
AlN encapsulant. However, we can still expect that optimal deposited AlN films with 
improved quality would act as effective encapsulants for GaN up to a much higher 
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3.2.3 Removal of AlN Encapsulant 
After the annealing for implantation activation was done, wet etching was 
carried out to remove the AlN encapsulant layer using a 0.4M KOH solution (45% 
concentration by volume) at 75°C [Mileham1995; Mileham1996]. The duration of the 
etching at the designed temperature was dependent on the crystalline quality of the 
deposited AlN [Zopler41996].  In our experiment, the AlN on the as-deposited sample 
(without annealing) was immediately removed when the sample was immersed in the 
KOH solution, however, the etch rate of AlN decreased significantly after high 
temperature annealing treatment. The wet etching durations for complete removal of 
the AlN encapsulant are summarized in Table 3.3. Etching rates range from 50 to    
125 Å/min depending on annealing temperature. We believe that it arises from the 
densification effect of annealing to the AlN layer and therefore the improvement of 
crystalline quality. 
 
Table3.3. Durations of 75°C KOH wet etch on AlN cap layer. 
 

















C_1, C_2, C_3 
and 15mins for 
C_4 
12mins for D_1 
and D_2, 
15mins for D_3 




To confirm the complete removal of the AlN cap layer on the surface of the 
GaN samples, they were first observed under the optical microscope. An obvious 
change can be observed. Before AlN removal, the surface was bluish under optical 
microscope. After removal of AlN, the bluish color disappeared and a smoother 
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surface of GaN appeared. This was verified with observation using SEM. Furthermore, 
Auger electron spectroscopy (AES) analysis was also performed to confirm the 
removal of the AlN encapsulant layer as shown in Figure 3.2. 
 




















N1   31.6
C1   18.3
O1   13.1
Cl1   0.7
 Ga
Sample 1 Etched GaN
(As received)
 Ga
Fig. 3.2: 1100ºC annealed GaN surface after KOH etching of AlN encapsulant. (a) 
Smooth GaN surface observed under SEM (b) AES result showed no Al atomic 




The AES result after the wet etching of AlN confirmed the complete removal 
of the AlN film since no Al atomic concentration was detected. Some partial C, O and 
Cl atomic concentration on the sample surface is reasonable. These could have come 
from contamination during sample preparation and delivery. The atomic percentage 
ratio of Ga/N was around 1, which indicated that the AlN encapsulant was able to 
provide good protection against N-loss from the GaN surface.  Hence, it was 
reasonable to confirm the removal of the AlN layer from observation under optical 
microscope when the bluish deposited film disappeared visually and a smooth and 
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In the literature [Mileham1995; Zopler41996], AlN were demonstrated to be an 
effective encapsulating layer during high temperature annealing up to 1300°C. For 
comparison, the surface morphology of an uncapped sample and a capped sample after 
annealing at 1100ºC for 120s was characterized by atomic force microscopy. Figure 
3.3 shows three-dimensional AFM images of the surface of the samples. While both 
the annealed samples display some increase in their root-mean square (RMS) surface 
roughness over the as-grown sample (~1.3nm, not shown), it was found that the 
sample annealed without the AlN cap was significantly rougher than the sample 
annealed with the protection of the AlN cap layer. We attribute these differences to 
preferential N-loss in the uncapped sample during high temperature annealing. 
 
 
(a) RMS=3.55nm (b)RMS=1.52nm 
Fig. 3.3: AFM images of GaN surface after an 1100ºC, 120s annealing either for (a) 
uncapped or (b) capped with reactively sputtered AlN. The AlN film was removed 
selectively in a KOH-based etch. 
 
 
Therefore, AFM results verified that AlN encapsulation can effectively prevent 
GaN surface decomposition during high temperature anneals. The AlN cap can be 
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selectively removed subsequently in heated KOH based solution. For the GaN surface, 
there was no obvious attack from the KOH wet chemical etchant. These results 
confirmed that a deposited AlN film is a good encapsulating layer for GaN during high 
temperature annealing.  
 
3.3 Results and Discussion 
3.3.1 Electrical Activation - Hall Measurement 
In this project, the Hall measurements were carried out with a Bio-Rad HL 
5500PC Hall Effect System under a 0.32 Tesla magnetic field. To obtain accurate 
results, the samples should have well-defined geometry and good ohmic contacts. The 
symmetrical van der Pauw Ti/Al/Pd/Au ohmic contacts, deposited by an e-beam 
evaporator, were placed on the sample circumference to minimize misalignment 
voltages.  Table 3.4 shows the measured sheet concentration, sheet resistance and 
electron mobility at room temperature for each of the annealed samples. It was found 
that sheet electron concentration increased monotonically with the increase of 
annealing temperature up to 1100ºC. The increase of annealing dwell time also 
improved the activation of Si dopants. However, longer annealing process would lead 
to some protection failure of the AlN encapsulant, which was observed previously in 
our experiment. Hence, a trade-off had to be made and 120s was chosen for maximum 
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Table3.4. Hall Effect data for Si-implanted GaN at 300K. 









sample A_1 800/15 1.19×106 -4.34×1011 12.1 
sample A_2 800/30 8.94×105 -4.56×1011 15.3 
sample A_3 800/60 5.05×105 -5.51×1011 22.4 
sample A_4 800/120 3.38×105 -6.89×1011 26.8 
sample B_1 900/15 4.06×105 -6.12×1011 25.1 
sample B_2 900/30 3.21×105 -6.43×1011 30.2 
sample B_3 900/60 1.93×105 -8.15×1011 39.7 
sample B_4 900/120 1.33×105 -9.89×1011 47.5 
sample C_1 1000/15 5.55×104 -2.52×1012 44.6 
sample C_2 1000/30 3.06×104 -4.20×1012 48.5 
sample C_3 1000/60 1.53×104 -8.13×1012 50.0 
sample C_4 1000/120 1.11×104 -1.10×1013 51.2 
sample D_1 1100/15 1.30×104 -9.31×1012 51.3 
sample D_2 1100/30 9.65×103 -1.21×1013 53.4 
sample D_3 1100/60 3.57×103 -3.01×1013 58.1 
sample D_4 1100/120 2.32×103 -4.56×1013 59.1 
 
 
For better illustration, the electrical data for the annealed samples with different 
annealing temperature at a fixed dwell time of 120s are plotted in Figure 3.4. In the 
experiments, the unintentionally-doped MBE-grown GaN wafer presented here had a 
very low n-type background sheet concentration of 2.51×1011 cm-2, and high sheet 
resistance larger than 106  Ω/□). After implantation, the sheet resistance of as-
implanted sample became several orders of magnitude higher than that of the 
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unimplanted one; hence the Hall measurement was not feasible. For annealed samples, 
activation of Si dopants improved with the increase of annealing temperature. It 
demonstrates that for temperatures greater than 1000ºC the n-type conductivity was 
significantly increased. For the best annealing case at 1100ºC for 120s, the sheet 
electron concentration has been determined to be 4.56x1013 cm-2, and sheet resistance 
has been decreased to be 2.32x103 Ω/□. At the same time, improvement of mobility 
can be due to the decrease of damage in films, which can trap free carriers in their 
transport, and screening effect from increase of free carrier concentration 




Fig. 3.4: Sheet electron concentration and sheet resistance of GaN after Si+-ion 
implantation (150keV, 5×1014cm-2) at room temperature and subsequent annealing at 




For a closer investigation of the nature of the activation process of dopants, the 
Arrhenius plot of sheet electron concentration versus the reciprocal of annealing 
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temperature is shown in Figure 3.5. From the results, the carrier activation energy (the 
energy needed for implanted Si dopants to effectively substitute Ga sites, not to be 
confused with the ionization energy) can be estimated to be 3.34 eV by fitting from the 
region of increasing sheet electron concentration.  
 


























Fig. 3.5: Arrhenius plot of the sheet electron concentration from 800ºC to 1100ºC for 
Si+-implanted GaN. Annealing dwell time is 120s. The estimated activation energy for 
Si donor formation is approximately 3.34 eV. 
 
 
This high activation energy is not consistent with a simple hopping process by 
which the Si atoms occupy the nearest Ga vacancies to easily become electrically 
active. This high activation energy could be explained in terms of a substitution 
diffusion process as proposed by S. J. Pearton and co-workers [Pearton1995]. In this 
case, the implanted Si atoms would occupy substitutional Ga sites at relative low 
annealing temperature but remain electrically inactive (compensated) by implantation 
induced point defects. The Si would become electrically active when these defects 
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diffuse away. This may be the reason for the 800°C annealing case to fall outside of 
the linear fitting region, because such low temperature cannot effectively move the 
defects away from SiGa sites. However, our activation energy value is about half of the 
6.7 eV reported by S. Pearton et al.. This variability can be due to different quality and 
microscopic structure of the samples. 
To study the ionization energy of the Si dopant, variable temperature Hall 
measurements were carried out for the sample annealed at 1100°C, 120 s. As shown by 
W. Götz et al. [Götz1 1996], the normal slope analysis in the linear region of the sheet 
concentration versus the reciprocal temperature could yield around 1/3 more than the 
real activation energy. Under nondegenerate conditions, the relationship 
)exp(3/2
KT
ETNn id −∝   is used to extract the ionization energy [Sun2000]; where n is 
the electron concentration, Nd is the Si donor concentration and Ei is the ionization 
energy of Si. Hence, from the Arrhenius plot of the sheet concentration–temperature 
product (nsT-3/2) (here ns substitutes for n without affecting the result), the ionization 
energy can be estimated from the slope of the least-squares fit, as shown in Figure 3.6. 
The extracted ionization energy of 25.7 meV is well within the range reported for 
epitaxial doping of GaN with Si [Hacke1994; Eiting1998]. At room temperature, the 
measured electron sheet concentration is ~4.56×1013cm-2, roughly corresponding to 
~30% Si activation of the implantation dose at 5×1014 cm-2, when the above extracted 
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Fig. 3.6: Variable temperature Hall measurement for Si+-implanted GaN, annealed at 





3.3.2 Optical Propriety - Photoluminescence 
To study the optical properties of Si-implanted GaN, the measurement of 
photoluminescence at room temperature was performed using a Renishaw 2000 PL 
System. The GaN samples were excited with a 20mW He-Cd laser working at 325nm 
and were detected through a photomultiplier and lock-in amplifier. For the as-
implanted sample (without high temperature annealing), the room temperature PL was 
optically dead, which was due to total structure disorder induced by implantation. 
Typical room temperature PL spectra for selected implanted samples after 
annealing at different temperatures and removal of AlN encapsulant are shown in 
Figure 3.7. Higher annealing temperature gave rise to the higher intensities of the PL 
spectra. The increase of intensities might be attributed to the improvement of 
 
 53 
Chapter 3                                                                           Silicon Implantation into GaN                        
 
crystalline quality after annealing. However, these 300K PL intensities for the Si-
implanted samples just recovered partially compared to the as-grown undoped GaN 
wafer. It can be due to the residual damage remaining after the implant annealing, 
which in turn contribute to the non-radiative recombination centers that act as deep 
level killers of the PL spectrum. Therefore, annealing temperature up to 1100°C is 
insufficient to completely remove implant damage. This was also confirmed by some 
research group using Rutherford back scattering and channeling method [Tan1998].  
 















Energy (eV)  
Fig. 3.7: Photoluminescence spectra at 300K of Si-implanted samples after annealing 
at various temperatures from 800°C to 1100°C, with fixed dwell time of 120s. PL 




The near band edge spectrum in PL was closely investigated to correlate its 
behavior with electrical activation of Si dopants, as shown in Figure 3.8.  From the 
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change of the PL spectra with increase of annealing temperature, the stronger electrical 
activation of donor species could be concluded. The details will be addressed below.  
Obviously the peaks at 3.643 eV and 3.552 eV in the 300K PL spectrum are 
greater than the band gap energy. Thus, these two peaks cannot be considered as 
normal PL characteristic signals for the GaN samples. Considering the excitation 
energy of the 325nm He-Cd laser to be 3.8246 eV and assuming a LO phonon energy 
of 92 meV, these two peaks beyond the band gap are close to the second LO phonon 
replica of 3.644 eV and third LO phonon replica of 3.554 eV respectively. Therefore, 
we can assign these two peaks to LO phonon replicas of the excitation laser source. 
The dominant PL process at room temperature in GaN is the free exciton 
recombination. This has been established by PL spectral data over a wide range of 
temperature for nominally undoped samples [Viswanath1998]. It should be pointed out 
that the exact spectral positions of excitons for an epitaxial GaN layer are strongly 
dependent on the strain, which is caused by lattice constant and thermal stretch 
mismatch between sapphire substrate and epi-GaN layer. Therefore, their positions in 
the PL spectra vary in a wide range from one sample to another. In our PL spectra, the 
peaks at 3.456 eV can be attributed to free exciton A (FEA),  and the transitions at 
3.365 eV and 3.275 eV can be interpreted as the lst and 2nd LO phonon replicas, 
respectively, of FEA because of the almost exact energy separation of ~92 meV. 
One important change, which we should take note of and as labeled by the 
arrows in Figure 3.8, is a broadening region at the slightly lower energy side of the free 
exciton. The details in this region including donor bound exciton, etc., cannot be well 
resolved because of thermal broadening for PL at room temperature. However, the 
trend is obvious. This region broadens and overwhelms the free exciton region when 
the annealing temperature exceeds 1000°C, and even overlaps the entire near edge 
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region at 1100°C.  This typical broadening effect from Si-doping has been attributed to 
band-tailing due to doping-induced potential fluctuations [Llipoulos1998; 
Schubert1997] or band filling resulting in a FWHMPL that roughly scales with the 
electron concentration as ∝ n2/3 for samples with 1017cm-3<n< 2×1019cm-3 
[Yoshikawa1999]. For our case, the carrier concentration is increased with annealing 
temperature, and high volume electron density of 1017cm-3 (sheet electron density at 
1013cm-2 level with ~1μm sample thickness)was achieved when the annealing 
temperature was above 1000°C, as confirmed by Hall measurement. Therefore, this 
coincides with the change of the PL spectra, and we can reasonably attribute the new 
near band edge line shape change to the increasing electrical activation efficiency for 
implanted Si-dopants. Therefore, the PL results can be well correlated to those from 
Hall measurements. 




































Energy (eV)  
Fig. 3.8: Photoluminescence spectra for near band edge transitions of annealed samples 
with fixed dwell time of 120s. Broadening of near band edge emission (indicated by 
arrows) can be observed with increasing annealing.  
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3.3.3 Structural Properties Study I – XRD 
X-ray diffraction for GaN films was carried out using a Philips X’Pert MRD 
system equipped with a PW3050/20 goniometer, whose radius is 320mm. The typical 
values of 50 kV and 40 mA were chosen for the operation of the Cu Kα 
(λ=1.541837Å) X-ray source. A 1° slit was installed to define the angular divergence 
of the diffraction beam from the sample before a high resolution Xe-filled proportional 
detector. 
Rocking curves (ω scan) were recorded in high-resolution XRD to study film 
crystalline quality.  In this kind of scan, the detector is fixed in position with a wide 
receiving slit, and the sample is rocked around the position that satisfies the Bragg 
condition. Hence, this ω angular-scan is often referred to as rocking curve scan. In 
reciprocal space, the broadening of the ω scan of the sample includes the following 
factors: (1) gradient of lattice parameters, (2) disruption of the X-ray coherence by 
extended defects (3) crystal mosaicity, and (4) bending of the sample 
[Leszczynski1998].  Therefore, the full width at half maximum (FWHM) value of the 
ω scan is commonly taken as a figure of merit for the crystalline perfection of hetero-
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Fig. 3.9: Symmetrical (0002) diffraction of the as-grown MBE GaN film. FWHM is 




Figure 3.9 shows a typical XRD rocking curve recorded for the symmetrical 
(0002) diffraction of the as-grown GaN layer used in our experiments, and the scanned 
data were fitted with a Lorentz profile. The unimplanted MBE grown sample exhibited 
one virgin (0002) peak with a FWHM of ~0.16°, and this value is usually larger than 
the FWHM of its MOCVD counterpart. 
Rocking curves for other various samples including implanted and annealed 
films were also recorded to study crystalline quality recovery. Their rocking scans 
were each fitted with a Lorentz profile. Figure 3.10 shows the XRD results in relation 
to the annealing conditions. The width of the rocking curve contains information about 
defects, especially dislocation densities in the films while the peak intensity contains 
information about the amount of perfectly aligned crystallites [Müller1993]. 
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Fig. 3.10: Si-implanted GaN annealing behavior of the (002) rocking curve widths and 
peak intensities. The lines are plotted to guide the eye. The rocking curve widths 




After implantation, the peak intensity dropped drastically and the rocking curve 
width broadened. This crystalline quality degeneration is naturally expected from the 
serious damage induced from high energy implanted Si dopants. After annealing, the 
rocking curve width decreases while the peak intensity increases monotonically, which 
indicate a continuous improvement of the film quality up to 1100°C. Additionally, our 
rocking curve of asymmetrical （101）Bragg plane, which is broadened by all kinds 
of threading dislocations [Heying1996], also shows the same trend.   
One striking feature is the even smaller rocking width and higher peak intensity 
after annealing above 900°C compared to that of the as-grown sample, which indicates 
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the reduction of dislocation density within the epitaxial GaN film. However, it should 
not be concluded that implantation damage is not significant after the annealing. The 
XRD result is not indicative of PL measurement. Even for our best case of the sample 
annealed at 1100°C for 120s, its PL intensity just recovered partially, as discussed 
before.  The reason for this discrepancy between XRD and PL could be that they are 
sensitive to different types of defects and different region within the films. XRD is 
mainly sensitive to dislocations throughout the sample whilst dislocations seem not to 
act as efficient non-radiative recombination sites in nitride material even when the 
density is in excess of 1010cm-2 [Lester1995]. It will show benign character in PL 
measurement. On the other hand, point defects including vacancies, interstitials and 
even antisites are most likely introduced from implantation, and cannot be completely 
annealed out even at 1100°C. These defects contribute to the non-radiative 
recombination centers near the surface region and act as deep level killers of the PL 
spectrum. Therefore, it is more meaningful to combine PL and XRD to monitor the 
crystal quality of thin films. 
 
3.3.4 Structural Properties Study II – Raman Scattering 
The information provided by Raman spectroscopic analysis includes lattice 
dynamics as well as electronic properties. The lattice dynamics reflects structural 
information such as the identification of materials and compounds, including reacted 
phases at interfaces, but also aspects such as the composition of mixed compounds, 
layer orientation, stress, and crystalline perfection. This information is obtained from 
scattering by photons through the evaluation of the phonon frequencies, half widths, 
lineshape and their densities in the Raman spectrum.  
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In the project, the samples were characterized by spatially resolved Raman 
scattering using the 514.5 nm (2.41 eV) line of an argon ion laser. Raman spectra were 
collected at room temperature in the backscattering zz(...)  mode with the z direction 
along the hexagonal c axis. The precision during the Raman measurements was   
0.2cm-1 with a lateral spatial resolution of 1.2um. Raman signals from both implanted 
and un-implanted regions contribute to the Raman spectra since the penetration depth 
of visible incident laser light is comparable to the thickness of the sample. 
The spectra for wavenumber from 200 to 800 cm-1 were recorded for various 
processing temperatures, as shown in Figure 3.11. For comparison, the spectra of the 
as-grown and as-implanted samples before annealing are also plotted. In the Raman 
spectra of the samples, two strong lines due to the E2 (572 cm-1) and A1 (737 cm-1) 
longitudinal optical phonon (LO) modes, respectively, are observed as expected from 
the Raman selection rules in wurtzite semiconductor. The line at 417 cm-1 stems from 
the sapphire substrate and the mode at 749 cm-1 is the sapphire Eg mode. The E1 (TO) 
line at 563 cm-1 also appears as the shoulder of high-energy E2. Additionally, after 
implantation, the appearance of some new modes centering around 300 cm-1, 363 cm-1, 
and 669 cm-1 is accompanied by an increase of the background signal, which originates 
from the damage of the crystal lattice induced by the ion bombardment independent of 
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Fig. 3.11: Raman spectra of Si-implanted GaN after subsequent annealing at various 




By comparison to calculated dispersion curves for acoustic and optical branch 
phonons of wurtzite GaN [Siegle1997], the broad band at 300 cm-1 is generally 
attributed to “Disorder-activated” Raman scattering (DARS), which is always 
associated with a high density of defects or amorphous films leading to the breaking 
down of wave vector conservation in the Raman scattering process. It decreases with 
increasing annealing temperature, which indicates that the disorder or amorphous part 
is repaired gradually. The intensity of the mode at 669 cm-1 also decreases with 
increasing annealing temperature and nearly disappears at 1100°C. Its origin can be 
due to local vibration mode (LVM) of less complex defects [Tripathy2002]. On the 
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other hand, the mode at 363 cm-1 displays a dramatic intensity increase at 800°C and 
drops when the annealing temperature is further elevated. On closer investigation, it 
still exists at 1100°C. Its behavior is almost the same as that reported by W. Limmer 
et. al [Limmer1998], in which they assigned it to LVM of vacancy-related defects 
because these complex defects can grow at the expense of the less complex defects in 
the initial stage and exist up to extreme high temperature.  
 





























Fig. 3.12: E2 frequency shift of the Raman spectra due to increased annealing 




As is well known, residual stress or strain in GaN layers is an important issue. 
The peak position of the E2 phonon line in the Raman spectrum is sensitive to strain 
change in the GaN film, and its frequency shift can be measured by our high resolution 
(0.2cm-1) micro Raman scattering equipment [Giehler2002]. The close inspection of 
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the E2 phonon mode is illustrated in Figure 3.12. The E2 phonon line observed for the 
MBE as-grown sample is located around 572.55 cm-1, showing obvious compressive 
in-plane stress compared to the standard stress-free peak value [Li1999]. In our case, 
thin nitride layers are grown on sapphire substrates that have very different lattice 
constants and thermal expansion coefficients. Such differences will induce this 
compressive biaxial strain in the c-plane. After Si implantation, the E2 line is shifted 
upward and broadened. It indicates an increase of compressive stress within the GaN 
film.  Generally, the lattice expansion will take place by incorporation of dopants into 
interstitial sites; such point defects will induce hydrostatic strain components when 
they are distributed in the crystal. Therefore, the E2 frequency blueshift for the as-
implanted sample can be attributed to the lattice expansion from incorporation of Si 
dopants.  
For the annealing behavior, the E2 phonon line is gradually shifted to lower 
wavenumbers with increasing annealing temperature up to 1100°C. This downshift of 
frequency of E2 indicates some relaxation of the mismatching strain between the GaN 
epitaxial film and the foreign sapphire substrate as well as the impurity incorporation 
stress after annealing. This result should be expected, because annihilation of defects 
by recombining interstitials with vacancies and some agglomeration into more 
complex defects can occur during annealing, which will decrease the incorporation 
strain. On the other hand, the mismatch between the GaN epitaxial layer and substrate 
favorably concentrated close to their interface and epitaxial layer can relax due to the 
formation of dislocation during the annealing process. Hence, total compressive stress 
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3.4 Summary 
In summary, Si dopants at 150keV with a dose of 5×1014cm-2 were implanted 
into GaN samples. Rapid thermal processing at temperature up to 1100°C was feasible, 
with the protection of an AlN encapsulant, to activate Si donors and remove the 
implantation induced damage. Results from several measurement techniques including 
room temperature PL, micro-Raman scattering, HRXRD, and Hall measurement are 
correlated to study the behavior of dopant activation, damage removal, crystalline 
quality and residual stress, etc. The Hall measurement demonstrated that a reasonable 
electrical activation percentage (~30%) was achieved although there was only partial 
recovery of optical activation from PL measurement. XRD results demonstrated that 
high temperature annealing could effectively decrease the dislocation density of the 
epitaxial GaN films. Raman scattering showed the decrease of implantation induced 
damage and the decrease of stress within the implanted films after thermal annealing. 
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Chapter 4 
Beryllium Implantation into GaN 
 
4.1 Acceptors in GaN 
The improvement of p-type doping of GaN has been a critical issue for 
improved performance of devices fabricated in this material. It still remains a 
challenge because of the high n-type autodoping background present in as-grown GaN 
films, especially MOCVD films in most cases, and the large ionization energy of 
acceptors such as Mg, Zn and Cd. Although Zn and Cd are conventionally used as p-
type dopants in the growth of other III-V compounds, however, there has been no 
report on the electrical properties of Zn-doped GaN or Cd-doped GaN, mainly because 
of the very deep acceptor levels of Zn (340 meV) and Cd (550 meV) in GaN 
[Strite1992].  
To date Mg has been the most common acceptor for obtaining p-GaN with the 
lowest activation energy; however the ionization energy of Mg is still high, with 
reported ranges between 150-180 meV [Götz21996; Kim1996]. Due to this high 
activation energy, at room temperature only ~1 percent of the acceptors are ionized and 
producing holes. This means that in order to obtain effective hole densities in GaN the 
Mg doping needs to be two orders of magnitude greater than the required hole 
concentration. There also exist some other disadvantages for Mg such as limited 
solubility in GaN and high vapor pressure. Efforts are still being made to look for other 
alternative acceptors. 
Calcium (Ca) was though to be a shallower acceptor in GaN than Mg based on 
Strite’s [Strite1994] argument of d-state electron relaxation effect in GaN and the lack 
of d-state electrons in Ca. Ion implantation was used to determine the electrical 
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activation of Ca as an acceptor [Zolper21996]. Both the Ca-only implanted and the 
Ca/P co-implanted GaN samples converted to p-type after annealing at 1100ºC with a 
further increase in p-type conduction after 1150ºC annealing. The activation 
temperature was slightly higher than that required to achieve p-type doping in Mg/P 
co-implanted GaN [Pearton1995] and was attributed to more damage associated with 
the heavier Ca ions. From an Arrhenius plot of the sheet hole concentration for the 
sample annealed at 1150ºC, an ionization energy level for Ca in GaN was estimated to 
be 169 meV, which was very close to the 171 meV reported for implanted Mg/P in 
GaN [Zolper51996]. Based on the ionization energy, only 0.14% of the Ca acceptors 
will be ionized at room temperature. 
Beryllium (Be), replacing Ga in GaN, is one of the most promising candidates 
as an effective acceptor due to its large electronegativity and the absence of d-electrons. 
Ab initio calculations [Bernardini1997] predicted that Be behaves as a rather shallow 
acceptor in GaN, with a thermal ionization energy of 60 meV in wurtzite GaN, which 
is much smaller than that characteristic for the routinely used Mg acceptor. More 
evidence from photoluminescence spectra revealed that Be acts as an acceptor with an 
optical ionization energy ranging from 90-100 meV [Dewsnip1998; Sánchez1998], 
150 meV [Ronning1998] to 250 meV [Salvador1996].  
 
Table4.1. Summary of the experimentally determined ionization energies of various       
acceptors after ion implantation in GaN. 
 
Ion species Ionization energy level  
Mg 240 meV  [Pankove1976] 
Mg+P 171 meV [Zolper51996] 
Zn 580 meV [Pankove1976] 
Ca 169±12 meV [Zolper21996] 
Be 150±10 meV [Zolper11997] 
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Therefore, in this work we concentrate on studies of Be implantation to MBE 
grown GaN crystals. However, it is very difficult to achieve electrical activation of Be-
doped GaN from conventional rapid thermal annealing. The reason is that the size of 
Be atoms is so small that it seems more probable for them to stay at interstitial sites 
(Beint) rather than at substitutional sites (BeGa) in GaN. Theoretical calculations also 
pointed out that the formation energy of Beint is less than that of BeGa 
[Neugebauer1999]. Interstitial Be behaves like a double donor instead of an acceptor 
so that self-compensation is a significant drawback for the use of Be as an acceptor. 
In this chapter, we concentrate on exploring new annealing methods to improve 
the activation of the implanted Be dopants in GaN. Electrical and optical 
characterizations were carried out to confirm the activation and examine the crystalline 
quality of films. 
 
4.2 Sample Growth and Ion Implantation 
The samples used in the experiments was processed from undoped GaN layers 
grown on 2” sapphire substrates by SVT Associates via molecular beam epitaxy (MBE) 
using an RF atomic nitrogen plasma source. The background sheet electron 
concentration of the as-grown epilayers was at a very low level of the order of 1011   
cm-2. The as-grown wafer was transparent with a strong near band-edge luminescence 
at 3.44 eV at room temperature. Be implantation was performed by Implantation 
Science Corporation, Wakefield, MA, USA. The wafer was implanted at room 
temperature with Be+ at a dose of 5×1014 cm-2 and energy of 40 keV at a 7º tilt angle. 
The project range is calculated by TRIM simulator to be 110nm and the straggle is 
around 46nm. Samples of dimensions 7×7 mm2 were then cut from the wafers for post-
implantation thermal processing. 
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4.3 Two-step Rapid Thermal Annealing 
4.3.1 Annealing Procedure 
 
For samples subjected to rapid thermal annealing, a ~100nm reactively 
sputtered AlN layer was deposited on the sample surface prior to annealing, to act as 
an encapsulant to avoid GaN decomposition. After annealing, the AlN encapsulant was 
removed by immersing in a heated (75 ºC) 0.4 mole KOH solution. In the experiments, 
if the samples were simply annealed in N2 ambient at different temperature of 900°C, 
1000°C and 1100°C for 120s, the results showed that the samples remained highly 
resistive, just like the as-implanted sample. Hence, it was confirmed that conventional 
RTA cannot activate Be-implanted GaN.  
The hydrogenation of p-type dopants especially Mg is well known, hence we 
have some reason to expect this effect for Be to counteract its interstitial incorporation 
possibly. Here, a two-step rapid thermal annealing proposed by Sun et al. [Sun2000] 
was first explored for the activation of Be dopants. In this annealing process, 
encapsulated Be-implanted GaN sample was first annealed in forming gas (12% H2, 
88% N2) for 120 seconds at 550°C, followed by annealing in pure nitrogen for 120 
seconds at 1100°C. 
 
4.3.2 Results and Discussion 
 
The unintentionally-doped MBE grown GaN wafer presented here had a low n-
type background sheet concentration of -2.67×1011 cm-2. After implantation, the sheet 
resistance became several orders of magnitude higher and hence the Hall measurement 
results were not available. After two-step annealing, room temperature Hall 
measurement showed that a sheet hole concentration of +1.13×1011 cm-2 and a hole 
mobility of  5.51 cm2/v-s were obtained. 
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In fact, the p-type conversion is not an easy process because the n-type 
background autodoping in the as-grown sample has to be compensated first. According 











−= ,  where µp  is the hole mobility, 
µn is the electron mobility, p is the hole concentration, n is the electron concentration, 
and t is the sample thickness [Jones1951].  The Hall-voltage VH must be larger than 
zero to indicate that the polarity is p-type. Hence the hole concentration has to be one 
or two orders of magnitude higher than the electron concentration in order for p-
polarization to be indicated in Hall measurement because of the much smaller hole 
mobility in GaN. 
Additionally, the hot probe method was also employed to confirm the electrical 
p-type conversion. In a p-type converted GaN, most of the donors are assumed to be 
ionized. When a hot probe is applied, additional acceptors are ionized and generate 
excess holes under the hot tip. Excess holes set up a diffusion process with holes 
moving away from the tip. Since ionized acceptors are negatively charged, the GaN 
point under the hot probe will be negatively charged while that under the cool end will 
be positive. Consequently, a positive electrostatic voltage with respect to the hot probe 
is formed and can be measured by a high-impedance electrometer. In the experiment, 
we confirmed that sample was in weak p-type conductivity by this hot probe 
measurement. 
 
The effect of the two-step annealing process on Be activation can be tentatively 
explained as follows. Annealing in an atmosphere containing hydrogen might cause 
the formation of Beint-H complexes first. The Beint-H complexes can move into Ga 
vacancies (VGa) more easily and are then converted to BeGa-H-N complexes. The 
energy required to break the H-bonds in the BeGa-H-N complexes might be lower than 
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that needed to move the Beint directly to the substitutional sites during conventional 
annealing in N2 only. The subsequent annealing in flowing N2 will then depassivate the 
complexes and activate the implanted Be. An independent inference from first-
principles calculation [Reboredo1999] also pointed out that an annealing stage in an 
ambient including hydrogen before conventional annealing in N2 would improve 
activation of p-type dopants in GaN. 
However, the obtained carrier concentration (1.13×1011cm-2) and mobility 
(5.51cm2/v-s) were relatively low, and the sheet resistance, at several MΩ/  of the 
sample was high. This may be due to damage compensation which can hinder the 
electrical activation of dopants in the sample. From many reports [Pearton1999], 
annealing below 1100 °C leaves a coarse network of extended defects, indicating that 
considerably higher annealing temperatures will be needed to achieve the optimum 
electrical and optical properties. 
 
4.4 Pulsed Laser Annealing  
4.4.1 Excimer Laser Source 
 
Pulsed laser annealing (PLA) is a potential candidate for post-implantation 
annealing process. A major advantage of PLA is that the sample surface temperature of 
the wafer can be rapidly raised by exposure to pulsed laser light, and is easily 
controlled up to the GaN melting point (2518ºC).The laser pulse duration, which is of 
the order of nanoseconds, is short enough to avoid decomposition of the GaN surface, 
and there are orders of magnitude between the time required to heal defects and the 
time required for GaN to decompose.  
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In laser applications, one important type of laser source is the excimer laser. It 
refers to a rare-gas halide laser that emits powerful pulses of light whose wavelengths 
are mostly in the UV spectrum.  The word excimer is a combination of excited dimers, 
this comes from the fact that excimer lasers are made from a mixture of a rare-gases 
such as argon (Ar), krypton (Kr), and xenon (Xe); and a halide like fluorine (F), 























Fig. 4.1: Excimer laser operation, specified for KrF, where * depicts the excited state. 
 
 
The interesting thing is that these compounds such as ArF, KrF, and XeCl do 
not exist in nature.  In fact, these molecules can only form when their constituent 
atoms are excited.  When the excited molecule drops to the ground state, the two atoms 
that were originally attracted to each other begin to repel each other and the molecule 
breaks.  For this reason the ground state remains effectively unpopulated; any excited 
state population will thus constitute a population inversion, which can be used for 
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lasing action.  The wavelength of the lasing is determined by the vertical separation of 
the electronic states (see Figure 4.1) [Rubahn1999]. Most commonly used excimer 
systems are XeF (351nm), XeCl (308nm), KrF (248nm), ArF (193nm) and F2 
(157nm), etc. 
Pulsed laser annealing using the KrF excimer laser (248nm) was investigated as 
an alternative approach to activate Be dopants in GaN films. The nanosecond-level 
pulse duration (30ns) and the material selectivity afforded by the UV wavelength 
would be potential advantages over conventional RTA for dopant activation.   
 
4.4.2 Optimization  of Annealing Conditions  
 
4.4.2.1 Determination of Melting Condition  
  
Lasers provide a high-power-density energy source, which can be controlled to 
heat or even melt the sample surface.  As is well known, liquid phase epitaxy (LPE) by 
laser irradiation is a mechanism to incorporate dopants and form shallow junction in Si 
technology [Tsukamoto1999; Zhang1995]. However, this melting situation should be 
avoided for GaN samples because of the easy loss of nitrogen atoms, which would 
significantly change the stoichiometric ratio of the material. Hence, the initial 
















Fig. 4.2  Schematic setup diagram of KrF laser annealing system. 
 
As schematically shown in Figure 4.2, the light from a 248nm KrF laser source 
(Lambda Physik LPX 100) is highly directional. The laser pulses were generated at a 
repetition rate of 1 Hz and the pulse duration was 30 ns. Using mirror and lenses for 
experimental setup, the light can be focused and concentrated to a spot of adjustable 
size on the sample surface. Controlling the laser operation voltage and beam spot size, 
the laser energy density can be easily varied over a wide range. The samples were 
loaded in a vacuum chamber at 20 mtorr with flowing nitrogen ambient at 150 sccm. 
Each sample was irradiated at a given energy density with one pulse. The laser energy 
density was varied from 50-500 mJ/cm2, which was nominally calculated from total 
energy divided by total irradiated area. It should be pointed out that the heat energy 
transfer from the laser is largely dependent on the material property of the implanted 
sample surface. The implantation process itself induced damage to the crystalline 
region, which in turn, changed the optical constants of the sample surface including 
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reflective index, absorption coefficient, etc. Therefore, the energy transfer efficiency 
would vary from wafer to wafer. 
It was found that the GaN films became highly conductive after laser annealing 
if the laser power density was beyond 400 mJ/cm2. The Hall measurement results 
showed a high sheet electron concentration of 1014 cm-2. The surface of the sample was 
investigated under optical microscope and SEM, as shown in Figure 4.3. 
 
 
Fig. 4.3: The GaN film surface damaged by high power laser irradiation at 400 mJ/cm2 





From the optical microscopy image, metal line texture likely appeared within 
the annealed region, and the low contact resistance was achieved in this area. A 
possible reason is that the GaN sample surface is beyond melting condition under such 
high-power laser annealing. Most of the N atoms were preferentially driven out, and 
Ga metallic droplets were left behind. This damaged region was also observed under 
SEM as shown in Figure 4.3 (b). Therefore, the nominal laser power of 400 mJ/cm2 is 
high enough to reach the melting point of GaN surface and break down the bonding 
between N and Ga. Non-melt condition below this critical value for the studied region 
should be ensured. 
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4.4.2.2 Optimization of Non-melt Annealing Condition   
 
After all of the samples were annealed each sample was measured using the 
Hall system to obtain the majority carrier concentration, sheet resistance, etc. A plot of 
the sheet resistance and sheet carrier concentration versus laser energy density is 
shown in Figure 4.4.  For this electrical activation data plot, the as-grown sample and 
annealed samples beyond melting condition are also included for comparison.  
 
 
Fig. 4.4: Sheet carrier concentration and sheet resistance of GaN after Be+-ion 
implantation (40 keV, 5×1014 cm-2) at room temperature and subsequent pulsed laser 




The as-grown sample originally showed slight n-type conductive characteristics 
in low electron concentration. For the samples subjected to subsequent laser annealing, 
the Be-implanted GaN sample was initially converted from n-type to p-type when the 
laser pulse energy density went beyond 100 mJ/cm2. Along with the increase of energy 
 
 76 
Chapter 4                                                                      Beryllium Implantation into GaN                        
 
density, the sheet hole concentration continued to increase and reached the peak 
concentration of 7.97×1012 cm-2 (corresponding sheet resistance of 1.24×105 Ω/□) at a 
laser energy density of 200 mJ/cm2. It indicated that PLA may provide sufficient 
activation energy for Be acceptor dopants and simultaneously set the holes free by 
repairing implantation damage-related traps within the sample surface region. If the 
irradiation energy was increased further until 300 mJ/ cm2, the sample remained p-type 
with a decrease in sheet hole concentration and increase in sheet resistance 
simultaneously. A possible reason for this hole concentration drop is the creation of 
additional nitrogen vacancies (Nv), which act as donors to give out electrons to 
compensate the hole conductivity. In fact, though GaN has a high melting point, it will 
decompose at lower temperatures due to the easy out-diffusion of N atomic constituent. 
Therefore, even if the laser irradiation energy was below the melting point of 400 
mJ/cm2, the annealed GaN surface may start to dissociate and holes were partially 
compensated by the creation of Nv，which act as donors for GaN . At the turning point, 
the sample was converted from p-type to n-type at the laser energy density of 350 
mJ/cm2. For the cases under laser irradiation beyond 400 mJ//cm2, the sample became 
highly conductive with quite high electron concentration and significant decrease in 
sheet resistance. This can be attributed to the a Ga metal-rich surface beyond melting 
condition, which was also confirmed previously under optical microscope and SEM. 
Hence, 200 mJ/cm2 was chosen as the optimal annealing condition for our Be-
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4.4.3 Results and Discussion 
 
4.4.3.1 Optical Properties- Photoluminescence 
 
Figure 4.5 shows the low temperature (12K) PL spectra of the GaN epitaxial 
layer that was implanted with Be and subsequently annealed by PLA. Also shown, for 
comparison, are the PL spectra of the as-grown, nominally undoped GaN layer as well 
as that of the GaN layer after RTA in N2 ambient at 1100ºC for 120s . The PL spectra 
were obtained with the samples mounted in a closed-loop liquid helium cryostat. The 
excitation source was a He-Cd 325 nm laser, and the luminescence signal was 
dispersed through a monochromator and detected by a cooled photomultiplier tube.  
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Fig. 4.5: PL spectra (12K) of annealed Be-implanted sample and as-grown sample. 
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It is noted that the PL intensity of the implanted GaN film after conventional 
RTA in nitrogen ambient at 1100ºC is only partially recovered. This is usually due to 
some residual crystal damage remaining after post-implant annealing, which is difficult 
to be annealed out and which contributes to the non-radiative recombination centers. 
On the other hand, after PLA, the PL signal is improved to an extent that it is even 
higher than that of the as-grown sample. This indicates that the implantation induced 
damage near the surface region can be removed efficiently by PLA. Furthermore, it is 
likely that some of as-grown defects also were repaired during PLA since the 
annealing temperature is much higher than the MBE growth temperature for GaN epi-
layer, which is usually less than 700°C.  
In the PL spectra, the emission line at 3.485 eV can be assigned to the 
recombination of ground state free excitons (FEA). The transitions peaking at 3.394 eV 
and 3.302 eV can be identified as the first and second longitudinal optical (LO) phonon 
replicas, respectively, of the FEA at 3.485 eV, for their energy separations are very 
close to 92 meV. In addition to these peaks, there is a new peak around 3.363 eV in the 
PL spectra of the PLA sample. This peak is not observed in the as-grown sample, RTA 
sample or previous Si-implanted samples. We tentatively assign this peak to be due to 
a Be-related transition, as several other groups have reported a Be-related deep 
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Fig. 4.6: Low temperature power-resolved PL spectra recorded at 12K for Be-
implanted GaN sample after PLA: (a) excitation laser source at 10 mW; (b) excitation 
laser source at 5mW; (c) excitation laser source at 2mW and (d) excitation laser source 
at 1mW. 
 
To determine the nature of this transition, power-resolved PL measurements 
were carried out on the laser annealed sample, and the results are included in Figure 
4.6. With increasing excitation power from 1 to 10 mW, there is a blue shift in the 
position of this peak. This observation is consistent with a donor-to-acceptor (DAP) 
transition rather than a free-to-bound transition in which the peak position should 
remain unchanged. At low excitation levels the most probable DAP transitions occur 
between distant pairs because there are many more distant impurities than there are 
nearer neighbors. As the excitation intensity is increased, more donor and acceptor 








)( εεν ++−= , as r decreases, the peak photon energy 
increases. Therefore, there would be a blue shift of the DAP peak with the increase of 
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excitation intensity. Naturally, the intensity of all luminescence increases with the 
excitation intensity; however, the spectral positions of exciton and free-to-bound 
transitions remain unaffected. 
We therefore attribute this transition to a Be-related DAP as reported by 
Dewsnip et al [Dewsnip1998]. This DAP is much shallower than the commonly 
observed Mg-related DAP which is around 3.27 eV in low-temperature PL 
measurements. This result is in agreement with theoretical calculations that predicate 
that Be is a shallow acceptor in GaN [Park1997; Bernardini1997]. This emission line 
provides strong evidence of the presence of optically active Be acceptors in the GaN 
films after PLA.  
For our experiment, the energy released in a DAP transition at 3.363 eV 








)( εεν ++−= . The last term is called coulombic interaction 
energy -Ecoul, which is the electrostatic energy gained when the neutral pair (DºAº) 
becomes a dipole (D+A-) after the transition has occurred. The Haynes rule for 
semiconductors [Haynes1960] states that the localization energy for shallow donor is 
αED, where ED is the donor binding energy and constant α is usually taken as 0.2. In 
most cases, localization energy for shallow donor in GaN is 7 meV at low temperature. 
Hence, we obtain a value of 35 meV for the donor binding energy ED. This value 
agrees well with some independent measurements [ Wetzel1994].The bandgap energy 
Eg is around 3.511 eV taking free exciton binding energy as ~26 meV 
[Viswanath1998] when the free exciton transition equation xg EEh −=ν  is 
considered. The coulombic interaction energy can be estimated as Ecoul~15 meV 
[Lagerstedt1974]. Hence, an optical ionization energy EA~128 meV is derived for the 
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Be acceptor. This is near the observed value of optical ionization energy between 90 
meV and 100 meV for Be acceptor from Dewsnip et al [Dewsnip1998], and is much 
shallower than the commonly recognized optical acceptor level of 250 meV by Mg 
doping [Oh1998].   
 
4.4.3.2 Surface Morphology- AFM 
 
 
It is important to study the surface morphology of GaN wafers after annealing, 
as the surface morphology has a significant effect on the formation of metal-
semiconductor contacts in devices. This was performed using atomic force microscopy 
imaging of the GaN surface before and after annealing. Figure 4.7 shows the AFM 
images of the surfaces of the as-grown sample as well as those that had undergone 
post-implantation annealing by RTA or PLA. It can be observed that there is a marked 
difference in the surface morphology between the RTA sample and the PLA sample. 
AFM scanning of the RTA sample yielded a root-mean-square (RMS) surface 
roughness of around 1.678nm and showed many observable pits and grooves, which 
also appeared in the MBE-grown GaN sample. These surface structures can be 
classified as three-dimension crystallographic defects, which are often related to a 
local instability of growth possibly caused by segregation on the growth front 
[Liliental-Weber1997]. On the other hand, in the PLA sample, the defects became 
invisible and a mirror-like surface appeared, and the RMS roughness decreased to 
0.516nm. This surface morphology was even smoother than that of the as-grown 
sample. This surface smoothing and defect-removal effect from PLA can contribute to 

















Fig. 4.7: AFM images recorded for the surface roughness of: (a) as-grown MBE 
sample, RMS roughness ~1.317nm; (b) Be-implanted MBE sample after RTA, RMS 
roughness ~1.678nm; and (c) Be-implanted MBE sample after PLA, RMS roughness   
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Although this smoothing may be due to the formation of a Ga-rich surface by 
the loss of N, the PL and electrical data from our experiment and also that of Zolper et 
al.[Zolper61996] do not support this hypothesis. Some restructuring might have 
occurred at the surface from laser flux heating. Along with the measured PL result, the 
AFM image provides a good indication of the surface quality of the laser annealed 
sample.  
 
4.5 Combination of PLA and RTA  
4.5.1 Limitation of PLA  
 
The effect of multi-pulse non-melt laser annealing was also investigated. The 
sheet resistance dropped most significantly at the first irradiating pulse and remained at 
around the same value after subsequent pulses. Moreover, our observations of off-
resonant micro-Raman and XRD spectra indicated that crystal defects and strain 
resulting from Be implantation were still existent after PLA, which will be shown later. 
This makes sense based on the fairly shallow absorption depth in GaN of the light from 
the 248 nm KrF laser. According to Beer-Lambert law, the light penetration depth, 
defined as dp=1/α, where α is the absorption coefficient, and its wavelength 
dependence have been obtained for GaN [Yu1997; Muth1997]. The absorption 
coefficient α of GaN at 248nm (~5eV) is quite large (~1.5x105 cm-1), and 
correspondingly the energy of the laser beam is mostly absorbed within the top several 
tens of nanometers of the surface.  
However, the implantation induced damage can be established along the whole 
traveling path of the implanted ion species, which is far deeper than the calculated 
mean projected range Rp of implantation. Furthermore, Y. Nakano et al. 
[Nakano12002] reported that some defects are likely to diffuse into the deeper-lying 
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regions of the implanted samples; this long-range diffusion may be related to the 
presence of dislocations characteristic of heteroepitaxial GaN. Therefore, it is 
immediately obvious that the non-melt laser annealing does not remove all of the 
damage from the implanted samples. The damage and defect in the bulk is well beyond 
the region that is reached by laser, which probably degraded the carrier mobility and 
limited the activation efficiency to some extent. 
 
4.5.2 PLA + RTA  
 
Although conventional RTA cannot achieve the Be activation alone, it can heat 
the whole wafer region uniformly and anneal for a longer time which will allow the 
remaining defects to do one or some of following: recombine in the bulk, recombine at 
the epitaxy interface, migrate to the fixed sinks (e.g. grain boundaries, surface, 
dislocation). As a result, it might decrease the scattering and trapping probability of the 
free carriers activated by PLA near the surface region. Hence, bulk crystalline quality 
will be improved and some further improvement of activation and mobility can be 
expected. So a combined annealing procedure, consisting of PLA with a 248nm KrF 
excimer laser at a laser fluence of 200 mJ/cm2 in N2 ambient, followed by RTA at 
1100ºC for 120s with AlN encapsulant, was proposed. It would be expected to produce 
good surface morphology, good electrical and optical activation as well as repair the 
implantation induced damage.  
 
4.5.2.1 Electrical Activation 
 
Hall measurements of the sample subjected to a combination of RTA and PLA 
showed some increase in both free carrier concentration and mobility, and 
approximately 30% reduction of sheet resistance compared to those of the sample 
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subjected to PLA only, as shown in Table 4.2. (For reference, electrical data for the as-
grown sample is also included). The possible reason is the further improvement of 
crystalline quality inside the films, which can decrease the probability of carrier 
trapping and scattering. The details will be addressed later when the results are 
correlated with those from micro-Raman and XRD measurements. 
 
Table 4.2. Summary of electrical parameters obtained from Hall measurements at room 










As-grown -2.67×1011 (ns) 6.51×105 35.8 
As-implanted N/A* N/A* N/A* 
PLA only +7.97×1012 (ps) 1.24×105 6.3 
PLA+RTA +8.56×1012 (ps) 8.38×104 8.7 
 * Not available 
 
To study the ionization energy of Be dopant, variable temperature Hall 
measurement was carried out for the sample subjected to PLA followed by RTA. 
Under non-degenerate conditions, the relationship )exp(3/2
KT
ETNp iAs −∝   is used to 
extract the ionization energy, where ps is the hole sheet concentration, NA is acceptor 
sheet concentration and Ei is ionization energy of Be acceptor. Hence, the Arrhnius 
plot of the hole sheet concentration–temperature product (psT-3/2) was plotted in Figure 
4.8. Using least-square fit, ionization energy of 114 meV was estimated for implanted-
Be dopants in GaN.  It should be pointed out that the Hall experimental data measured 
in the low-temperature region fall outside the linear fitting region. Indeed, it was 
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difficult for the p-type conversion to be indicated in Hall measurement at relative low 
temperature, the possible reason being acceptor freezing effect and compensation from 
background electrons. 
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Fig. 4.8: Arrhenius plot of the sheet hole concentration-temperature product for Be-
implanted MBE GaN, annealed by 200 mJ/cm2 KrF excimer laser in nitrogen ambient, 





4.5.2.2 Structural Properties Study I – Raman Scattering 
The behavior of implantation-induced defects can be analyzed by Raman 
spectroscopy. Figure 4.9 shows the Raman spectra of the as-grown, as-implanted 
wurtzite GaN samples, as well as those that had been subjected to various annealing 
conditions. The two longitudinal optical modes of E2 (573 cm-1) and A1 (737 cm-1) of 
GaN are observed as expected from Raman selection rules for the ZZ(xx)  geometry 
for all the samples, as are the two sapphire modes at 417 cm-1and 751 cm-1. The 
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sample after implantation exhibits some new characteristic modes centering around 
300 cm-1, 360 cm-1 and 670 cm-1, and this is accompanied by an increase of 
background signal and asymmetrical broadening of the tails of E2(high) and A1(LO). 
The observed features around 360 cm-1 and 670 cm-1 could be assigned to local 
vibration modes (LVM) originating from the lattice damage caused by implantation 
independent of ion species [ Limmer1998]. The strong tails to lower frequency of the 
E2(high) and A1(LO) modes, and the 300 cm-1 broad band are attributed to defect-
activated Raman scattering (DARS). They appear as a result of the breakdown of wave 
vector conservation in Raman scattering process, and are always associated with a high 
density of defects in films.  
 

































































Fig. 4.9: Room temperature micro-Raman scattering spectra recorded in zz(xx)  
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The DARS signal and LVM still remain high in the sample that was subjected 
to PLA. This indicates that many defects still exist in the crystal lattice after the laser 
annealing. On the other hand, the DARS signal and LVM are significantly suppressed 
in the sample that underwent RTA. This difference can be explained by the shallow 
penetration depth of the light from the 248nm KF excimer laser used for the PLA. The 
energy of the laser beam is mostly absorbed within the top tens of nanometers of the 
surface, and it is within this region that the Be activation and annealing was carried out 
by the PLA. However, the damage and defect in the bulk is well beyond the region that 
is reached by laser. These defects contribute to the Raman signals since the 514.5 nm 
wavelength of the Raman probe is able to penetrate the entire depth of the GaN film. 
Traditional RTA can heat the whole wafer uniformly and repair these deep-region 
defects efficiently, and thus remove the DARS and LVM signals. This is clearly shown 
in Figure 4.8. 
Results from the previous sections show that PLA could be very useful in 
improving surface morphology and annealing out the defects in the surface region that 
act as deep level killers of PL, which cannot be repaired by RTA at or below 1100ºC. 
On the other hand, RTA is useful in repairing defects related to DARS and LVM 
observed in the micro-Raman spectra, which do not require very high annealing 
temperature exceeding 1100ºC. This suggests that a combination of PLA and RTA can 
be used together for better crystalline recovery of GaN after implantation. 
 
4.5.2.3 Structural Properties Study II – XRD 
The annealing behavior observed in the Raman spectra is reinforced by the 
results of high-resolution XRD, as shown by the spectra of the (0002) GaN peaks of 
the various samples in Figure 4.10. The unimplanted, MBE-grown sample exhibits one 
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virgin peak with a full width at half maximum (FWHM) of larger than 0.2°, a value 
that is usually not comparable to the FWHM of its MOCVD-grown counterpart.  
After implantation, the major feature of the XRD spectrum is the appearance of 
a new peak at the low angle side of the (0002) peak. This phenomenon has been 
observed [Liu1997] before and can be attributed to the expansion of the GaN crystal 
lattice in the implanted region. In this experiment, the expansion is probably due to the 
incorporation of Be ions, as well as the displacement of host atoms, into interstitial 
sites. After PLA, this new peak is reduced slightly and the intensity of the virgin peak 
increased slightly. It is noted that X-rays, like the 514.5nm excitation of the Raman 
spectroscopy, probes the crystallinity of the entire GaN layer. The shallow penetration 
of the 248 nm laser in the PLA only anneals the surface region but leaves the deeper 
crystal defects untouched. Hence, there is little improvement of the bulk crystallinity 
after PLA. After RTA, however, only the virgin peak is left, and its intensity recovered 
significantly. Although it has been shown [Sun2000; Neugebauer1999] that interstitial 
Be cannot be moved easily to substitutional sites by RTA alone at 1100ºC, it is 
possible for recombination of close interstitial-vacancy pairs to take place at this 
temperature. Most probably this is due to the movement of the displaced host atoms 
back to the lattice sites, and thus releasing the strain in the crystal. Therefore, PLA 
should be accompanied by RTA to achieve better annealing effect. Finally, it is 
observed that for the various annealing conditions, the virgin peaks do not shift back to 
the peak position of the as-grown sample. This indicates that some residual strain still 
exists in the GaN layer after annealing. 
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 Diffraction angle 2θ (degree)  
Fig. 4.10: X-ray diffraction spectra θ-2θ scan recorded for Be-implanted GaN samples 




Post-implantation thermal activation of beryllium in GaN by rapid thermal 
annealing (RTA) and pulsed laser annealing (PLA) had been investigated. The result of 
a two-step RTA, in which the Be-implanted GaN sample was annealed first  in forming 
gas (12% H2, 88% N2) and followed by annealing in pure nitrogen, showed slight p-
type conductivity from Hall measurements, which was also confirmed by hot probe 
measurement. However, low activation efficiency and reproducibility was a problem in 
RTA. In PLA, by optimizing the laser fluence and annealing ambient, efficient 
activation of Be can be obtained using a 248 nm KrF excimer laser. The 
photoluminescence (PL) spectra revealed the presence of a Be related transition level. 
The Hall measurement results showed that significant p-type conversion can be 
achieved with a laser irradiation of 0.2 J/cm2 in flowing nitrogen ambient.  
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Unfortunately, because of the shallow penetration depth of the 248 nm laser 
beam, only the top several tens of nanometers were annealed properly by PLA, while 
the deeper implantation-induced defects remained. These defects and other lattice 
damage could be removed by conventional RTA at 1100ºC, which, however, was not 
efficient for activating the Be dopants implanted into the GaN layers. A combined 
annealing procedure, consisting of PLA followed by RTA at 1100ºC for 120s, was able 
to produce good surface morphology, good electrical and optical activation as well as 
repair the implantation induced damage. The proposed procedure would be very useful 
in the fabrication of GaN-based devices where selective p-type doping and good ohmic 
contact formation to p–type regions are essential. For reference, a comparison of Be 









231 meV (Nakano et al 2002)
57 meV (Kent et al 2001)
(Ab initio calculation)
Optical ionization energy from PL spectra
128 meV (Our estimated optical Ei)
114 meV (Our estimated electrical Ei)
60 meV (Bernardini et al 1997)
100 meV (Sanchez et al 1998)
90 meV (Dewsnip et al 1998)
150 meV (Ronning et al 1998)
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Chapter 5 
AlGaN/GaN HEMT Fabrication 
 
5.1 Development and Principle of HEMTs 
Intensive theoretical and experimental investigations on the material properties 
and growth techniques of the III-Nitride material system have opened new frontiers to 
GaN based electronic devices. During the past decade AlGaN/GaN high electron 
mobility transistors (HEMTs) have been the focus of the device research community as 
a good candidate for high power, high voltage microwave applications. The rate of 
progress in the power density available from AlGaN/GaN HEMTs has been 
remarkable, as shown in Figure 5.1. They have demonstrated one-order higher power 
density and higher efficiency over the existing technologies - Si- and GaAs-based RF 
and microwave transistors. Thus, for the same output power, a ten time reduction in 
device size can be realized using GaN-based devices in place of conventional devices. 
This can be translated to lower chip and system costs. It will open up several industrial, 




Chapter 5                                                                      AlGaN/GaN HEMTs Fabrication                       
 







































Fig 5.1: Historical view on the progress in the power density of AlGaN/GaN HEMT 
(after [Wu2004; Mishra2000]). 
 
 
The most important feature of an AlGaN/GaN HEMTs is the extraordinary 
high sheet carrier concentration and strong confinement of the carriers at the specific 
heterointerfaces of AlGaN/GaN heterostructures, which is known to be a consequence 
of strong spontaneous and piezoelectric polarization fields [Ambacher1999; 
Ambacher2000; Ibbetson1999]. The cross section of a conventional HEMT structure is 
shown in Figure 5.2. The source and drain contacts and the gate metallization are 
analogous to those in either Si or GaAs MESFET devices. The layers from bottom to 
top are, a sapphire substrate, an AlN buffer layer, an undoped GaN “channel layer”, an 
undoped AlGaN “spacer layer”, a n-doped AlGaN “donor layer”. The thickness of 
individual layers and their doping have a direct influence on the device properties and 
the performance of the HEMT. The gate lengths and the source-drain distance may 
vary according to speed, application, and yield requirements. 
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n+ AlGaN donor layer
Undoped AlGaN spacer layer









Fig 5.2: Schematic cross section of a conventional n+-AlGaN/GaN HEMT and the 
corresponding conduction band diagram.  
 
 
As depicted in Figure 5.2, when two semiconductor materials with different 
bandgaps (eg. AlGaN and GaN) are joined together to form a heterojunction, 
discontinuities in both the conduction and valence band edges occur at the 
heterointerface. For this HEMT, the wide-bandgap material AlGaN is n-doped with Si 
donors. Band edges bend near the interface and create a triangular potential well in the 
conduction-band edge of the lower bandgap material GaN. Electrons accumulate in 
this well and form a sheet charge analogous to the inversion channel in a SiO2/Si MOS 
structure. The thickness of this channel is typically only several nanometers, which is 
much smaller than the de Broglie wavelength of the electrons in GaN which is given 
by λ = h/(2mn*kT)1/2. Hence the electrons are quantized in a two-dimensional system at 
the interface, and so the channel of the HEMT is called a two-dimensional electron gas 
(2DEG) [Stern1967; Stern1984]. An advantage to such a device structure is the 
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physical separation between the donors and the electrons in the channel layer, thus 
reducing the impurity Coulombic scattering and, therefore, enhancing the mobility as 
well as the effective velocity of the electrons under the influence of an electric field. 
These high density and high mobility 2DEGs make HEMTs promising for high 
frequency high power applications. 
The principal objective of this chapter is to establish a viable technology for the 
fabrication of AlGaN/GaN HEMTs, and focus on optimizing the source drain ohmic 
contacts of HEMTs. It also includes the reporting of the successful fabrication of big 
dimension AlGaN/GaN HEMTs and their DC characterizations. 
 
5.2 HEMT Fabrication Process 
 
 
1.5 μm UID GaN channel layer (4×1016cm -3) 
5 nm UID Al0.15 Ga0.85N spacer layer (4 ×1016cm-3) 
5 nm doped Al 0.15Ga0.85 N donor layer (7 ×1018cm-3) 
 
15 nm U ID Al 0.15Ga0.85N barrier layer (4 ×1016cm-3) 
 
2 nm UID GaN capping layer  (4×1016cm-3) 
2DEG 
400 nm AlN nucleation layer  
Sapphire Substrate  
 






Chapter 5                                                                      AlGaN/GaN HEMTs Fabrication                       
 
The AlGaN/GaN HEMT multi-layer structure used in this experiment was 
grown by SVT Associates, Inc. and based on their so call “α”design. It is shown in 
Figure 5.3 and grown on (0001) sapphire substrate using molecular beam epitaxy 
(MBE). First, a 400nm GaN nucleation layer is grown on a sapphire substrate. Then a 
1.5μm unintentionally doped (UID) GaN channel layer is followed by a 5nm 
unintentionally doped AlGaN spacer layer to separate the negatively charged 2DEG 
from the ionized dopant atoms. A 5nm AlGaN donor layer doped with Si to a 
concentration of 7x1018 cm-3 is used to contribute free carriers to the 2DEG. It is 
followed by a 15nm UID AlGaN barrier layer to prevent the upward movement of free 
electrons to the surface. Finally, a 2nm UID GaN cap layer is grown to protect the 
underlying AlGaN layers from oxidation. Hall measurement reveals that the room 
temperature electron mobility is about 600 cm2/V-s and an electron sheet charge 
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Figure 5.4 shows the main fabrication procedure of AlGaN/GaN HEMTs. 
Three process steps are needed: 1) Mesa isolation, 2) Ohmic contact (Source and Drain) 
formation, and 3) Schottky contact (Gate) formation. 
1) Mesa isolation: 
Mesa structures are required to prevent leakage current between adjacent 
HEMT devices. Dry etching with Inductively Coupled Plasma (ICP) was employed to 
form mesa isolations. About 1.6 μm of etching turned out to be good enough for the 
isolation, which took about 6 minutes using high RF power of the equipment. The 
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2) Ohmic contact: 
After the photoresist windows of the source-drain patterns were opened, ICP 
dry etching was again used to etch through a portion of the top layers before metal 
deposition, so called “sunken contact” by us, but careful etching depth control was 
required. More details of this process will be addressed in the following part. Very low 
RF power with RIE (30W) and ICP (250W) was chosen, and the different etching 
depth measured from AFM can be achieved by varying etching duration. 
 
 
Fig 5.5: Etching depths for sunken contacts at various etching durations, the 
corresponding epi-layer structure of AlGaN/GaN HEMT is also shown. 
 
 
As shown in Figure 5.5, a stable etching rate (~0.54 nm/s) was obtained in the 
time range between 20s and 55s. Before 15s, the etching rate was not reliable. This is 
because that it will take ICP a period of time to start up the plasma and stabilize the 
chamber gas atmosphere. The etching can only be kept at a steady rate after this 
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stabilization. Furthermore, our HEMT device consists of different material layers 
including GaN and AlGaN, the respective etching rate for these two material layers 
will be different. Therefore, the extracted etching rate within 20s-55s was for AlGaN, 
since the etching had already gone into the AlGaN layers after the removal of the GaN 
cap layer.  
After etching, the sample was immediately transferred to the evaporator for 
metallization. The multi-layer metal scheme of Ti/Al/Pd/Au 
(250Å/2000Å/600Å/1000Å) annealed in RTA at 650ºC for 30s was chosen. The Ti 
layer receives N from underlying GaN surface, forming a metallic layer TiN, while the  
nitrogen deficiency of GaN provides the desired benefit of some increased electron 
concentration through N vacancy formation. Al forms a natural ohmic contact to n-
GaN. The outermost Au layer is for good protection and better conductivity of the 
metal layers, and the Pd barrier layer is utilized to prevent the interdiffusion of Al and 
Au [Fan1996; Liu1998]. With such an ohmic contact scheme, good metal contacts can 
be achieved. 
3) Schottky contact: 
Schottky gate contacts using Pd/Au (500Å/1500Å) were formed after optical 
lithography. Pd with a large work function was chosen as the candidate for the 
Schottky metal [Schmitz1996] and thick Au metal was deposited for better 
conductivity and protection. Schottky contact is the process step requiring high-
resolution lithography; gate finger alignment is critical to the successful fabrication of 
the HEMTs. For the mask design layout, the source-drain space was 5 μm and the gate 
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Fig 5.6: Top view of fabricated HEMT structure observed under SEM. The feature size 
is 2 μm gate length, 5 μm source –drain space and 60 μm gate width. 
 
 
Figure 5.6 shows the SEM top-view of a single HEMT fabricated in our 
experiments. The whole device was made on the 1.6 μm mesa surface, and the etch 
depth for source/drain sunken contacts was chosen to be 19 nm (optimized). It is 
observed that a gate with 2 μm length has been placed at the center of the 5 μm source-
drain space. As is well known, high-quality ohmic and Schottky contacts are critical to 
the HEMTs performance. Hence, before the overall HEMT performance measurement, 
the I-V characteristics of ohmic contacts between source and drain, and the Schottky 
diode between gate and source, were checked with a semiconductor parameter 
analyzer individually, as shown in Figure 5.7. The device displays a good ohmic 
behavior between source and drain contacts, shows a linear current increase at low 
drain bias and saturates at sufficiently high drain bias. At the same time, good metal-
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semiconductor Schottky rectifying behavior was shown between gate and source 
terminals. The forward bias current increases exponentially during the turn-on stage of 
the diode,  and follows the  Schottky I-V characteristic function as  I = Io 
[exp(qV/nkT)-1], where Io is the saturation current, n is the ideality factor, k is the 
Boltzmann’s constant [Rhoderick1988]. The diode current exceeds 1mA when the 
forward bias reaches 2V. This amount of gate current Igs cannot be negligible 
compared to the current flow Ids between the source and drain. When the gate bias 
increases to 3V, the gate current Igs, approximately 10 mA, is comparable to the 
source-drain current Ids. It indicates that the gate bias for the HEMT device three-
terminal operation should be less than 3V, otherwise gate leakage becomes serious. 
The reverse bias leakage current for the diode at -10V is at a quite low level of around 
10-7A. It should be noted, however, that HEMTs are usually operated with the gate 
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Fig 5.7: I-V characteristics of (a) Ohmic contacts between source and drain, and (b) 
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Fig 5.8: Typical DC characteristics of our HEMT (a) output characteristics (Id-Vd), and 
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The overall device DC performance was measured with a HP semiconductor 
parameter analyzer 4156A with three source/monitor units (SMU), which included 
output characteristics (Id-Vd) and transfer characteristics (Id-Vg), as shown in Figure 
5.8.  The drain saturation current Id, sat corresponding to zero gate-source voltage is 
about 410 mA/mm, and the maximum drain current Id, max around 670 mA/mm is 
obtained at a gate-source voltage Vgs= 2V, which is important because in high-power 
devices the gate input is momentarily forward biased. The knee voltage Vknee is around 
5V for the drain current curve at Vgs= 0V, and the value of the total on-resistance Ron 
extracted from the linear region of the I-V curve (Vgs= 0V) is 9.1Ω/mm. For the 
transfer characteristics, the room-temperature extrinsic transconductance gm of 124 
mS/mm peaks at a gate-source voltage of about -1V, and the transistor is cut off 
around -4V. From closer observation, it is apparent that heat dissipation is a problem 
for this HEMT on sapphire substrate. The semiconductor resistance increases as the 
temperature increases due to the poor thermal conductivity of the sapphire substrate. 
Consequently, the device shows a decreasing drain current (negative differential output 
conductance) as the drain bias is increased within the saturation region. Needless to 
say, the power performance is degraded [Gaska1998]. In conclusion, successful 
fabrication AlGaN/GaN HEMTs with gate lengths of 2 μm was achieved and the 
discrete device demonstrated reasonable good DC performance. 
 
5.4 Optimization of Sunken Contacts 
A problem to overcome in achieving high performance GaN-based devices is 
the realization of good, reliable metal contacts. The performance of GaN devices have 
been often limited by contact resistances. As mentioned earlier in the description of 
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device fabrication, sunken ohmic contacts have been used to bring the metal layers 
closer to the 2DEG channel of the HEMT structure by etching off a portion of the top 
layers in the source and drain regions. This etching depth should be carefully 
optimized. If etching was not deep enough such that the top UID layers were not 
etched through, then a large voltage drop would be developed in the UID layers which 
are not good of the ohmic contacts. On the other hand, if the etching was so deep that 
the AlGaN layers were mostly etched away, then there would be a lack of 2DEG due 
to the loss of AlGaN/GaN heterostructure confinement. The trend of specific metal 
contact resistance with etched depth, which was characterized by linear transmission 
line method (LTLM) measurements [Berger1972] was reported previously by Hoy 
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The results indicate that the contact resistance improves gradually when the 
sunken contacts are brought closer to the 2DEG channel. However, this trend becomes 
invalid when the sunken depth is beyond a certain point. In fact, when the sunken 
contacts protrude into the 2DEG channel, the resistance increases rapidly. For a better 
understanding of the mechanism behind it, device simulation was preformed to explore 
further details using the program PISCES-IIB, which is a  commercial simulation 
software developed by Gateway Modeling, Inc to simulate AlGaN/GaN HEMTs 
[Gateway 2000]. It offers an attractive route to provide a useful framework and guide 
for real device fabrication. 
Different etching depths of the sunken contacts of HEMT were simulated to 
study the sensitivity of etching depth on device performance. The etching depth ranged 
from the capping layer to the channel layer. The device material layers and metal 
dimension were constructed in accordance with the actual HEMT structure used in the 
experiments. For easy comparison, the simulation results of the device drain saturation 
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Fig 5.10: Simulation results for HEMT drain saturation current (Vgs=0V) at various 
etching depths of sunken contacts. 
 
 
It has been found from the simulation results that the variation of the electrical 
I-V characteristics with etched depth of the sunken contacts agreed well with the trend 
of the contact resistance obtained by previous LTLM measurements. The results 
showed that the HEMT device performance improved steadily when the sunken 
contacts became closer to the channel. The distinct turning point of this trend appeared 
in the AlGaN donor layer, and if the sunken contacts furthermore protruded into the 
2DEG channel, the device current density dropped significantly and performance 
degraded seriously.  
To investigate more thoroughly, the electron concentration distribution 
contours were also plotted for HEMTs with different sunken contact depths. Figure 
5.11 compares the electron distribution between two typical cases, the device with 
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etching depth within the AlGaN donor layer and the device with etching depth beyond 
the AlGaN/GaN interface.  
 
(a) (b) 
2DEG 2DEG  
loss 
Fig. 5.11: Two-dimension contours of electron concentrations at zero gate bias of 
HEMTs with (a) sunken contacts seating in AlGaN donor layer, and (b) sunken 
contacts seating in GaN channel. Black blocks are for sunken electrodes, and 2DEG is 




The main drain-source current component is mostly likely the tunneling current 
from the 2DEG to metal contacts [Ping1997], which is indicated by red arrows in 
Figure 5.11 (a). The shorter distance between the 2DEG and contacts will be beneficial 
to the tunneling component. This is the reason that the device performance improved 
initially when the sunken contacts were brought closer to the 2DEG channel.  On the 
other hand, the piezoelectric strain effect of the AlGaN/GaN heterostructure could be 
attenuated when the top AlGaN became thinner. It would reduce the confinement and 
concentration of the 2DEG in the GaN channel layer. These two mechanisms from 
tunneling and piezoelectric strain are competing against each other and a tradeoff 
should be made between them. This is why the sunken contacts cannot be brought too 
close to the 2DEG channel. The etch depth should be carefully selected and simulated 
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optimal device operation was obtained when the sunken contacts sit within AlGaN 
donor layer, as shown in Figure 5.10. For the extreme case, if the top AlGaN layers are 
totally etched away, and sunken contacts sit in the GaN channel layer, there is 2DEG 
loss below metal contacts due to the lack of an AlGaN/GaN heterostructure, as shown 
in Figure 5.11 (b). The current only flows to the sidewalls of the metal contacts and 
severe current crowding is inevitable, which leads to poor current performance of the 
device [Murrmann1969]. In fact, the simulation indicated that the 2DEG loss under the 
sunken contact regions was initiated when the etching depth reached 25 nm. This 
means that at least 2 nm of the AlGaN layer should remain to supply the 
heterostructure’s piezoelectric strain effect to enhance the formation of the 2DEG.  
To verify the simulated results with real HEMTs, we selected three 
representative etching depths prior to sunken contact deposition. In the experiment, 
these different etch depths were achieved by varying the ICP etching parameters, as 
tabulated in Table 5.1. The etch depths were measured by AFM scans. 1) (Sample 1): 
It is important to note that only physical ion bombardment was employed. There was 
little or no etching as the etch pattern could not be detected with AFM on the surface 
of the sample; 2) (Sample 2): Approximately 19 nm was etched away to reach the Si-
doped AlGaN layer; 3) (Sample 3): Approximately 45 nm away from the sample 
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Table5.1. the ICP etch parameters used on test samples to achieve the desired etch 
depths.    



















Sample 1 300 0 0/20 5 20 30 N/A 
Sample 2 30 250 20/5 5 20 50 19.1 
Sample 3 30 250 20/5 5 20 70 44.9 
 
































Fig. 5.12: Typical DC output characteristics of HEMTs with different etching depths 




The DC performance of the fabricated devices was measured with an HP 
4156A semiconductor parameter analyzer 4156A, and the output characteristics are 
shown in Figure 5.12.  The gate control voltage was varied from 2V to -5V in steps of 
-1V and the drain bias ranged between 0V and 15V. It demonstrated that all these three 
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devices can be satisfactorily pinched off at Vg= -4V. The HEMT operates in the most 
desirable condition when the sunken contacts are within the AlGaN donor layer 
(Sample 2). The zero-gate-voltage saturation current density is approximately 410 
mA/mm in this case. The worst case is where the sunken contacts protrude into the 
channel layer (Sample 3); the zero-gate-voltage saturation current density is worst, 
~302 mA/mm, even though the metal contacts are directly in contact with the 2DEG 
channel in this case. This poor performance could be attributed to the occurrence of 
current crowding at the lateral sidewalls of the metal contacts because of the loss of 
2DEG under the sunken contacts, which was already shown before in the simulation. 
Optimal performance is also not achieved with shallow sunken depth. There would be 
a relative large voltage drop within the UID top layers, prior to the current reaching the 
2DEG channel. This would bring degradation for the current conduction and its zero-
gate-voltage saturation current is ~ 325 mA/mm as in Sample 1. Therefore, the trend of 
the performance of HEMTs with the etched depth of the sunken contacts correlates 
quite well with the simulated results. The simulation has proven to be an effective way 
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5.5 Summary 
In summary, functional HEMTs with 2 μm gate lengths were successfully 
fabricated. The behavior of both Ohmic and Schottky contacts on AlGaN/GaN HEMTs 
was characterized and reasonable good overall DC performance was achieved. 
Furthermore, both simulation and experiment results have shown that optimization of 
Ohmic contacts can be obtained by varying the etched depth for the sunken contacts in 
the source and drain regions of the HEMTs, thus leading to optimized device I-V 
output characteristic. It was concluded that the devices operate in the most desirable 
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Chapter 6 
AlGaN/GaN HEMT with Ion Implanted Drain Source 
Regions  
 
6.1 Implanted Contact Structure  
Ion implantation is a good choice to create active conducting regions or layers 
in a semiconductor. This is primarily due to the fact that doping by ion implantation is 
relatively low cost, and it provides sufficient dopant concentration and good control of 
the depth and implant profile. One good example of how ion implantation can directly 

























Fig. 6.1: Comparison of AlGaN/GaN HEMT contact structures: (a) planar, (b) 
regrown, and (c) implanted. Implantation is the most practical means to achieve the 




Chapter 6                                                       AlGaN/GaN HEMT with Ion Implantation                       
 
Figure 6.1 shows three device structures that could be used to fabricate 
AlGaN/GaN HEMTs.  To date, most of the AlGaN/GaN HEMTs have been fabricated 
in a planar structure, as shown in Figure 6.1 (a).  In this structure, the ohmic source and 
drain contacts are directly placed on the wide band gap AlGaN layer without any 
means to reduce the contact resistance. This would lead to a high access resistance, 
reduced current carrying capacity, and high knee voltage for the transistor.  This in 
turn degrades the device power performance including power gain, power added 
efficiency, and so on.  For deposited metal contacts on highly doped semiconductors, 
tunneling current dominates the total current.  The specific contact resistance is 
roughly determined by the tunneling mechanism. Contact resistance, R c is determined 














2exp                                                   (6-1) 
 
where Nd is the doping concentration, ΦB is barrier height of metal contact, m* is 
effective mass of free carrier, ħ is Planck’s constant and ε
B
s is the permittivity of the 
semiconductor. As shown by equation (6.1), a high doping concentration in the 
semiconductor will yield an ohmic contact with a low contact resistance. Figure 6.1 (b) 
and (c) show two possible approaches to reduce the access resistance of the source and 
drain contacts. One is to selectively etch away the wide band gap AlGaN material in 
the contact regions and then regrow a highly doped narrower band gap GaN material to 
improve contact resistance [Chen1998].  However, the high-temperature regrow 
process is quite complicated, and its epitaxial doping level is always limited by thermal 
equilibrium solubility.  For another potential approach, ion implantation is employed to 
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create selective areas of heavily doped regions for the source and drain contacts, an 
approach that has been widely used in other mature semiconductors.  A heavily doped 
region for the metal contact leads to the formation of low-resistance ohmic contacts on 
the semiconductor through enhancing carrier tunneling mechanism.  The attractive 
points include sufficient dopant concentration without thermal solubility limitation, 
good control of dopant depth and implant profile, and highly reproducible process. 
Unfortunately, until recently, ion implantation has not been applied to AlGaN/GaN 
HEMTs widely [Pearton1997]. As discussed before, one of the key issues to 
integrating ion implantation to III-nitride devices is the avoidance of surface 
degradation during the high temperature post-implantation annealing process. This 
issue has been investigated in Chapter 3, and the Si implantation and dopant activation 
were successfully made with the aid of an AlN encapsulant during high temperature 
annealing. Therefore, this will provide us with the foundation to apply ion implantation 
to the fabrication of AlGaN/GaN HEMTs, as described in this chapter.  It would be 
expected to improve the overall device performance by reducing the ohmic drain-
source resistance. 
 
6.2 Simulation of HEMTs with Ion Implantation 
For as-deposited source/drain metal contacts in our HEMT device, tunneling 
current should dominate the total drain current because ohmic contacts do not 
physically touch the buried 2DEG channel. The specific contact resistance is mainly 
determined by the tunneling mechanism. Thus, a higher doping density in the film 
where the metal contacts sit will yield an ohmic contact with lower contact resistances. 
Here, we again used PISCES IIB simulation to investigate the effect of drain-source 
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implantation on device performance.  It will provide us useful guidance for the 
integration of implantation technology to device fabrication. 
In the simulation, the Si (n-type) implantation is done for the source/drain 
regions with a dose of 5×1014 cm-2, and the activation percentage is set at 30%, the 
project range and straggle are automatically calculated by the software. The purpose is 
to increase the electron concentration around the sunken contacts in our device. To 
better investigate the effect of implantation for current flow as well as DC performance 
of the device, the case without implantation (control sample) is employed to compare 
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performance. (a) Electron concentration contour without implantation, (b) electron 
concentration contour with implantation, (c) I-V characteristics without 
implantation, and (d) I-V characteristics with implantation. 
 
The simulation results show that the electron concentration under sunken 
contact regions can be greatly increased by Si implantation. For this heavily doped  
region, the electron concentration around the sunken contacts exceeds 1019 cm-3 (red 
color) compared to 1018 cm-3 level in the controlled sample (yellow and green color), 
and contact resistance Rc will be improved according to the previous tunneling 
equation.  It is also seen, by comparing Figures 6.2 (c) and (d), that Si implantation in 
the contact regions can lead to increased drain current.  Therefore, it is indicated by 
simulation that the implanted contacts can be employed on AlGaN/GaN HEMT device 
to improve current conduction. 
  
6.3 Experimental Procedure 
In this section, Si implantation will be integrated to AlGaN/GaN HEMT device 
fabrication, and its effect on the device performance will be investigated. The key steps 
are shown schematically in Figure 6.3. The AlGaN/GaN HEMT used in this 
experiment had a similar multi-layer structure as that used before (see Chapter 5), 
which is grown by SVT Associates, Inc. and based on their so call “α”design. The 
room-temperature Hall measurement for this HEMT structure showed that the sheet 
2DEG concentration and carrier mobility were 1.02×1013 cm-2 and 500 cm2/V-s, 
respectively (sample ID #104092801). 
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Fig 6.3: Schematics showing the procedure to integrate Si implantation into the 




6.3.1 Mesa Isolation and Source/Drain Window Opening 
The isolation mesa was formed by ICP (Induction Coupled Plasma) dry 
etching. The measured mesa depth from the stylus profiler was ~1.58 μm after 6 
minutes of etching at -60 ºC. The detailed parameter setting was the same as before 
(see Appendix A). 
The realignment of the source/drain regions will be required because the 
implantation and subsequent ohmic metals deposition require two separate lithography 
processes. Therefore, a dark-field mask (source/drain pattern is chrome metal coating) 
was employed instead of a bright-field mask (source/drain pattern is clear) which was 
used before, to make alignment more precise and easier. The use of negative 
photoresist will be required for this type of mask.  However, negative photoresist is not 
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a good choice for precise alignment due to its poor resolution.  In our experiments, a 
“reverse bake” exposure technique with positive photoresist AZ5214 was used to solve 
this problem. This technique was first carried out with the dark-field mask to align the 
pattern precisely.  The photoresist was exposed for 35 s, followed by 110 °C oven 
“reverse bake” for 8 minutes and finally a 55 s flood exposure was done without any 
mask [Cho2004]. As a result, the positive AZ5214 can function as a negative 
photoresist, and source/drain windows can be opened for implantation. Photoresist 
coating for this step was with two-layer AZ5214 to protect unexposed region during 
following Si ion implantation process. 
 
6.3.2 Si Ion Implantation and Post Implantation Annealing 
. The HEMT device structure was directly implanted at room temperature with 
Si+ at a high dose of 2×1015 cm-2 and energy of 20 keV at a 7º tilt angle. The project 
range was calculated with the TRIM simulator 2003 to be around 21 nm, and the peak 
doping is located near the interface between semiconductor and our later fabricated 
ohmic sunken contacts, as shown in Figure 6.4.  
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Fig 6.4: Simulated implantation projection of 21.2 nm for 20 keV Si+ implantation into 
our HEMT device structure. 
 
After the implantation, high-temperature annealing will be required to activate 
the Si dopants and repair crystal damage. First, a 100 nm reactively sputtered AlN 
layer was deposited on the top surface of the samples to provide an encapsulant. Then 
the samples were subjected to RTA at 1100 °C in flowing N2 ambient for 120 s. After 
annealing, the AlN encapsulant was totally removed with heated (75ºC) 0.4 mole 
KOH solution. Alternatively, the Si+ ions can be implanted through the pre-deposited 
AlN capping layer as previous implantations described in Chapter 3, there is the ability 
to place the Rp closer to the semiconductor surface region if required. However, the 
disadvantages include the loss of Si ions when the AlN layer is removed and the 
likelihood of atom kick-off during implantation and possibility of ion-mixing from 
AlN into the HEMT structural layers. It may thus cause contamination and 
composition change to the HEMT structure. Therefore, direct implantation was chosen 
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rather than implantation through AlN, and the AlN encapsulant was subsequently 
deposited just prior to post-implantation RTA [Qiao1999]. Figure 6.5 shows the 
investigation of sample surface under optical microscope before annealing and after 
annealing. 
 
(a) (b) (c) 
S/D Mesa 
Fig 6.5: Surface of HEMTs under optical microscope (a) after implantation, with 
photoresist; (b) after implantation without photoresist; and (c) after post 1100ºC 
annealing (AlN was removed). 
 
  
 As illustrated in Figure 6.5, implantation did damage the target material 
surface and change its optical properties. Therefore, the implantation region can be 
seen clearly even after photoresist removal. When the high temperature annealing was 
completed, the sample surface recovered and the implantation region could not be 
distinguished from the rest of the surface, which indicated the damage recovery.  
Finally, from the measured room temperature Hall data of the implanted test HEMT 
sample after the activation anneal, the electron sheet concentration was around 
9.94×1013 cm-2, which was almost one order of magnitude greater when compared to 
the sheet concentration of 1.02×1013 cm-2 of the control sample. This indicates an 
activation efficiency of about 15% at this 2×1015 cm-2 high dose implantation when the 
previously extracted Si ionization energy with 25.7 meV is taken into account. 
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6.3.3 Formation of Ohmic Contacts and Schottky Contacts  
After RTA, the normal steps were followed and source/drain ohmic contacts 
and Schottky gate contact were fabricated. As before, prior to ohmic contact 
metallization, Cl2/Ar etching was used to etch away part of the top layer to make 
sunken contacts. The etched depth was around 19.64 nm after 50 s etching, which was 
measured by AFM using a test sample, as shown in Figure 6.6. The etching recipe 
follows that used in the previous experiment. Ohmic contacts were formed by Ti 
(250Å)/Al (2000Å)/Ni (600Å)/Au (1000Å) metallization by e-beam evaporation and a 
liftoff process. For optimal post-annealing for metallization, which was based on 
equipment condition, the metal was alloyed in a N2 atmosphere at 750 °C for 30 s. 
Gate window opening was carried out using a dark-field mask, and Schottky contacts 
were formed by the Ni(500Å)/Au(1500Å) metallization scheme using e-beam 
evaporation and a liftoff process. 
 
 
Fig 6.6: Etching depth measured by AFM cross-section analysis is around 19.46 nm 
for sunken contacts after 50 s ICP etching. 
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6.4 Results and Discussions 
6.4.1 Preliminary Study of  Ohmic Contacts 
Before Schottky gate formation, the conduction between source and drain was 
examined by measuring the I-V curve. For comparison, the control sample without 
implantation was also fabricated in the same batch. Furthermore, for procedure 
optimization, a “pre-etched” sample was also made, in which ICP etch for sunken 
contacts was first employed to etch away a portion of the top layer of the HEMT 
structure, and then Si ion implantation was carried out at 10 keV with a dose of   
2×1015 cm-2. For labeling purpose, our original implanted HEMTs following the 
previously described normal procedure will be called the “pre-implanted” sample.  
The results as shown in Figure 6.7 clearly demonstrated the effect of 
implantation on the drain-source resistance. Compared to the control sample, the 
current conduction in the pre-implanted sample is improved to some extent. On the 
other hand, the current is reduced in the pre-etched sample. The reasons for this current 
degradation can be explained in this way. Firstly, for the pre-etched sample, the ohmic 
contacts just sit directly on the implanted surface. Many research groups have reported 
that the GaN material system exhibits preferential strong surface disordering under a 
wide range of implant conditions [Kucheyev12000; Kucheyev22000; Tan1996]. 
Therefore, even after high temperature annealing, there would be a number of defects 
remaining at the surface region which cannot be annealed out. This was also confirmed 
by such optical measurements as PL, XRD, etc. Hence, if the metal contact was made 
directly on this disordered surface, the carriers may be trapped by some kinds of 
defects and the current flow is reduced as the result. The situation is different for our 
“pre-implanted” sample; the most-disordered top portion has been etched away prior to 
metallization. Secondly, for the “pre-etched” sample, the AlGaN layer has been 
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exposed during many processing steps, including implantation, KOH wet etching, etc. 
These steps may cause damage to this AlGaN surface because of the more reactive 
properties of Al atoms. Therefore, it is not a good choice to use the “pre-etched” 
procedure, so for the rest of this chapter, we mainly concentrate on the comparison 
between the “pre-implanted sample” and the control sample to investigate the ion 
implantation effect. 
 























Fig 6.7:  Source and drain ohmic contact characteristics for the control, pre-etched and 




6.4.2 Specific Contact Resistance - ρc  
Specific contact resistance ρc is defined as the resistance of a unit area of the 
thin interfacial layer between the metal and the semiconductor substrate. It is a very 
useful parameter to characterize the ohmic contact. It can be independent of the 
measurement and geometry of the contact, as given by [Marlow1982]: ρc = (∂V/∂J) v=0 
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[Ω cm2], where J is the current density through the interface, and V is the potential drop 
across the interface. As ρc cannot be measured directly but must be inferred from 
measurements on a real contact, several approaches have been used to model the 
current-voltage behavior of the contact and to extract ρc from the measured currents 
and voltages. One of the approaches is linear transmission line method (LTLM) 




Fig 6.8:  SEM image of the LTLM pattern used in the experiment. 
 
 
An LTLM pattern was made on a test sample, as shown in Figure 6.8, to 
determine the specific contact resistance. An optical microscope was used to measure 
the distance between individual LTLM contacts. In the experiment, a series of 
rectangular ohmic contacts were formed on an isolated mesa. The sequence of 
measured gaps between the contact windows was 5, 10, 20, 30, 50, and 75μm, and the 
measured contact width was 45 μm. 
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Gap (μm)  
(b) 
Fig 6.9: Measured Rt vs L curve of LTLM ohmic contacts for (a) control sample, and 




After measurement of the resistances between different successive contacts 
pads with varying spacing, the resistance Rt (Ω) as a function of contact pad spacing L 
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(μm) was plotted. A straight line should be obtained as illustrated in Figure 6.9. 2Rc, 
and semiconductor resistivity, rs, can be obtained respectively from the intercept on the 
Rt axis and the gradient of the line. Finally, the specific contact resistance ρc can be 
calculated from the expression {(Rc2W) / gradient} for both the control and pre-
implanted samples. 
To derive the specific contact resistance ρc more accurately, the series 
resistance of the two probe needles and the resistance of the coaxial wire connected to 
the probe station should be taken into account. This series resistance Rseries was 
measured as 6.2 Ω in our experiment. Therefore, the net metal contact resistance Rc 
can be calculated from the intercept of Rt reduced by Rseries, i.e.,: Rc= (Rtintercept -
Rseries)/2. 
As shown in Figure 6.9 (a) for the control sample, the intercept and gradient of 
linear the Rt versus L curve are 56.64 Ω and 29.92 Ω/μm, respectively. As a result, the 
derived net Rc is around 25.22 Ω for 45 μm-wide ohmic contact, and corresponds to 
1.13 Ω-mm after normalization with respect to the width of the contact. Therefore, ρc 
can be derived as 9.46 × 10-6 Ω cm2 from the expression {(Rc2W) / gradient}. 
Similarly, for the pre-implanted sample, as shown in Figure 6.9 (b), the 
intercept and gradient of the fitting curve are 25.91 Ω and 27.85Ω/μm, respectively. 
Also, after accounting for series resistance Rseries, the derived net Rc in this case is 
around 9.85 Ω for the 45 μm-wide ohmic contact, and corresponds to a normalized 
value of 0.44 Ω-mm, and ρc can be calculated as 1.56 × 10-6 Ω cm2.  
In summary, the ohmic contacts on the implanted regions yield a normalized 
contact resistance Rc of 0.44 Ω-mm, which is less than half that of the control sample 
(Rc = 1.13 Ω-mm).  The specific contact resistance ρc of the pre-implanted sample is 
1.56 × 10-6 Ω cm2, compared to 9.46 × 10-6 Ω cm2 for the control sample. The two 
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slopes (∝ rs/W) for contacts on the Si implanted sample and  the control sample 
respectively had no significant difference (29.92 Ω /μm for as-control case and 27.85 
Ω /μm for implanted case), because this is mainly dependent on the sheet resistance of 
the semiconductor layer under the contacts.  
6.4.3 DC Characteristics of HEMTs 
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The DC performance of HEMTs was measured with an HP 4156A 
semiconductor parameter analyzer. Figure 6.10 shows the typical output characteristics 
(Id-Vd) for both the control and pre-implanted HEMTs with a nominal 1 μm gate 
length, 5 μm source to drain space and 45 μm gate width.  
For the most important difference, it is observed that the linear region is steeper 
for the pre-implanted HEMT than that of the control HEMT. The value of the on- 
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resistance Ron (including metal contact resistance and channel resistance) extracted 
from the linear region (Vs = 2 V) is 6.6 Ω-mm for the implanted HEMT and 8.3 Ω-mm 
for the control HEMT, respectively. As is well known, the expression Vbr2/Ron is called 
the power-device-figure-of-merit and Baliga’s figure of merit (BFOM) directly 
originated from this [Baliga1982], which defines device parameters to maximize the 
breakdown voltage Vbr and minimize the conduction loss in power FETs.  Hence, the 
ion implanted HEMT would reduce conduction power loss by reducing the on-
resistance, which is mainly due to the decrease of metal contact resistance, as already 
described in LTLM measurement before. At the same time, the knee voltage Vknee (Vg = 
2 V) decreases to ~5 V for the implanted HEMT from ~8 V for the control counterpart. 
This smaller knee voltage would be beneficial to the power output of HEMTs, and will 
be explained in detail later. It indicates that all of the above merits can be achieved by 
ion implantation by decreasing the HEMT metal contact resistance.  
The maximum drain saturation current Id,max (Vg = 2 V) is about 590 mA/mm 
for the implanted HEMT, and ~550 mA/mm for the control HEMT, corresponding to 
an approximately 7% higher current drive performance. As the gate voltage decreases, 
especially for the negative gate voltage operation region, there is better gate control for 
the implanted HEMT, since it can be turned off more easily than the control sample. 
This is also demonstrated in the transfer characteristics. Moreover, as heat dissipation 
is a major problem, the devices show a significant decrease of the drain current 
(negative differential output conductance) as the drain voltage is increased. This self-
heating problem is more serious than that of our previous HEMT sample used in 
Chapter 5, due to poorer substrate thermal conductivity in this wafer compared to 
another wafer used in Chapter 5. This can be caused by non-uniformity of material 
properties from wafer-to-wafer. 
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For the transfer characteristics (Id-Vg), as shown in Figure 6.11, the implanted 
HEMT has a peak extrinsic transconductance, gm, of 112 mS/mm at room temperature, 
whereas the peak gm of the control HEMT is ~105 mS/mm. On the other extreme, the 
implanted HEMT achieves a satisfactory cut-off at approximately Vg~ -3.5 V, whereas 
the control HEMT is cut off at Vg~ - 4 V, as indicated by arrows in the plot. It is a 
normal phenomenon to see notches or spikes in the gm curves occurring at regular 
intervals with small Vg step size (<50 mV) measurement. This is caused by the 
inherent resolution of the SMU DAC of the HP semiconductor parameter analyzer; the 
spikes do not go away even by changing the integration time [Hewlett1998]. 
Therefore, the transfer characteristics measurements show that the ion implanted 
HEMT also provides better gate control. 
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To investigate the gate control characteristics more closely, the region near the 
cut-off point can be further studied. As we know, sub-threshold swing (SS), which 
indicates how effectively a device can be turned off with the decrease of gate voltage 
Vg below the threshold voltage, is an important parameter in MOSFET technology 
[Taur1998]. The inverse of the slope of log (Id)-Vg plot near the threshold voltage is 








IdS  ,                                                 (6-2) 
 
which is equal to the gate voltage decrease required to decrease the drain current by a 
factor of ten. However, our HEMTs are different from MOSFETs in operation mode, 
for the former is operating in the normally on mode while the latter is usually operating 
in the normally off mode.  However, it still makes sense to borrow this definition to 
indicate the ability of the gate to control the current conduction in the channel of our 
HEMTs. The modification made here is to use the linear region of the (log (Id)-Vg) 
curve just slightly above the cut-off point in HEMTs instead of the sub-threshold 
region in MOSFETs. It is highly desirable to have a small swing value since this is the 
parameter that determines the amount of voltage swing necessary to switch our 
HEMTs from on state to off state or vice versa. From the plot shown in Figure 6.12, 
the swing values, which can be calculated from the inverse of the slopes, are 725 
mV/decad and 809 mV/decade for the implanted and the control HEMTs, respectively. 
Hence, the more efficient switch-off/on performance can be predicted for the 
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In conclusion, it has been demonstrated experimentally that the typical DC 
device performance of the HEMT was improved by ion implantation of the source and 
drain regions. From the theoretical point of view, the well organized quasi-2D charge 
control model [Ali1990; Das1985; Snowden1989] can predict this improvement. The 
details can be found in Appendix C, and it shows that for real devices, the drain and 
source series parasitic resistances are important factors whose increase can degrade the 
current and even transconductance. The source/drain ohmic contact resistance Rc is one 
component of the drain and source series parasitic resistance (rss, rdd) (refer to Figure 
C.1 in Appendix C). The change of Rc will result in the change of the overall series 
parasitic resistance, which in turn has an effect on both the saturation current and 
transconductance. Therefore, the experimentally measured reduction of source and 
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drain contact resistance Rc by ion implantation doping would bring improvement to 
overall device performance, which was demonstrated by the typical DC characteristics. 
 
6.4.4 High-Frequency Performance 
6.4.4.1 Small-Signal Equivalent Circuit Analysis 
 
Series parasitic resistances, especially source resistance rss, are also important 
for the high frequency performance of HEMTs. The high frequency small signal 
equivalent network model of HEMT, given in Figure 6.13, represents the most 

















Fig 6.13: HF equivalent network model for HEMTs. 
 
 
As shown in the network, the shaded area is the equivalent circuit model of the 
intrinsic HEMT. Cg is the gate-to-channel charging capacitance, rin is the input 
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resistance, gm is the transfer conductance and g0 is the output conductance. For 
parasitic elements, Lg, Ls and Ld are the inductive effect of the gate, source and drain 
terminals, respectively, which are normally negligible for the frequency range of the 
concern. Cgs, Cds and Cgd are the gate-to-source, drain-to-source and drain-to-gate 
parasitic capacitance, respectively. Cg-pad and Cd-pad are parasitic capacitances 
introduced by the noticeable pad size of the contact terminals. rgg, rss and rdd are 
parasitic series resistances of the gate, source and drain, respectively, which include 
ohmic contact and channel space gap resistance. 
The cut-off frequency ft and maximum oscillation frequency fmax are two very 
useful figures of merit that can indicate the maximum achievable frequency 
performance of the circuit using the existing devices, such as the gain-bandwidth 
product, operating frequency limit, etc. They can be derived from the simplified model 
based on the equivalent network shown in Figure 6.13. ft is the frequency at which the 






gf +≈ π  ,                                          (6-3) 
 
where usually Cgd  is negligible compared with Cg. At first inspection, even though 
parasitic series resistance effect is considered, ft is not affected because the parasitic 
series resistance makes extrinsic gm and Cg smaller by the same factor of 1/(1+ gm rss) 
But a more rigorous derivation for this short-circuit current gain of a FET  







gf +⋅⋅+⋅++•+= π               (6-4) 
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In the presence of rss and rdd, the extrinsic cut-off frequency ft would be degraded with 
additional term shown in equation (6-4). 
The other figure of merit, fmax, is the maximum possible frequency to achieve 
power amplification using the device, at which Mason’s unilateral power gain (UPG) 





ff π2)(2 0max +⋅++
≅                      (6-5) 
  
The above equation indicates that the series parasitic resistance, especially rss, 
also has an impact upon the maximum oscillation frequency fmax. In summary, it is 
seen clearly in equations (6-4) and (6-5) that the high frequency performance of 
HEMTs is significantly limited by series parasitic resistance. In previous experiments, 
ion implantation was proven to bring effective reduction of series parasitic resistance 
by decreasing contact resistance. It would be expected as a result to improve the ft and 
fmax of  HEMTs by reducing the parasitic resistance.  
 
6.4.4.2 Measurement of ft and fmax 
 
The cutoff frequency ft, often also designated as the gain-bandwidth product, is 
related to the short-circuit current gain h21. This current gain is defined as the ratio of 
the small-signal output current to input current of the transistor with the output short-
circuited. However, for operating frequencies in the microwave range, the 
measurement of the external currents and the realization of the required short-circuit 
conditions become more complicated. Therefore, another set of parameters, the so-
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called S or scattering parameters, is commonly used. S parameters are not defined as 
quotients of currents and voltages but as ratios of the power of traveling waves: 
 





















The subscripts 1 and 2 designate the input and the output of the two-port network, 
respectively, whereas a and b are the powers of incoming (incident) and outgoing 
(reflected) waves [Schwierz2003]. Measured S parameters can be converted to be h21 



















Fig 6.14: Optical microscope image of the fabricated HEMT structure used for RF 
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The cut-off frequency ft is the frequency at which |h21|, the magnitude of h21, 
equals unity (or 0 dB). In the experiments, the scattering S parameters were measured 
using an HP8510 network analyzer up to 20 GHz. As shown in Figure 6.14, the HEMT 
device under test was operated in the common-source mode at Vds of 15V and Vg of 
0V, and measured by Cascade’s Microtech ground-signal (GS) probe configuration. In 
practice, the short-circuit current gain h21 is derived from measured S parameters (refer 
to Appendix D), and |h21| is usually plotted as a dB/log graph, as shown in Figure 6.15, 
the unity-current-gain frequency ft can be found from the interception on the  
horizontal axis. 
As shown in the plot, the current gain h21 is frequency dependent, and its 
magnitude rolls off at higher frequencies at a certain slope. The obtained cut-off 
frequency ft of the control HEMT and pre-implanted HEMT are 8.9 GHz and 14.3 
GHz, respectively. The reason for the improvement in ft of about 61% pf the implanted 
HEMT is likely due to the decrease of the resistance of the drain-source regions from 
implantation doping. As discussed small-signal analysis before, the decrease in series 
resistance (including contact resistance) can increase ft significantly, as pointed out by 




























Fig 6.15: Bode plots of the magnitude of the current gain, h21, deduced from the 




The maximum frequency of oscillation fmax is the frequency at which the 
unilateral power gain U equals unity. It is the maximum frequency at which the 
transistor still provides a power gain. U can be calculated based on the Y parameters 
using the formula: 
 






−=                             (6-8) 
 


































+−+=                              (6-12) 
 
Therefore, after a series of conversions based on the measured S parameters, the 
corresponding calculated magnitudes of the unilateral power gain U of the control 

























Fig 6.16: Bode plots of the magnitude of unilateral power gain, U, as deduced from the 
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As shown in the plots, the linear fitting extrapolations from the high frequency 
region yields the maximum frequency of oscillation fmax for the control HEMT and 
implanted HEMT are 22.8 GHz and 38.1 GHz, respectively. There is an improvement 
of about 67% in fmax in the implanted HEMT. This can be attributed to the decrease of 
series parasitic resistance, as described in equation (6-5). 
 











Fig 6.17: Obtaining power from device based on output load line. 
 
For output capability in high power applications, Figure 6.17 illustrates the 
simple and effective optimum load line theory-Cripps method [Cripps1999] to achieve 
maximum output power. Assume that the DC-IV curve of a device is bounded by its 
maximum drain current Id,max, knee voltage Vknee and drain breakdown voltage Vbr. 
When the device is biased in class A quiescent mode (Vd = (Vbr-Vknee)/2, Id = Id,max/2), 
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the device could achieve the maximum current and voltage swing at the same time, and 





max,max, kneebrdRF VVIP −×=                                             (6-13) 
 
As discussed previously for implanted HEMTs, a low knee voltage Vknee is 
obtained when the access resistances are minimized, and high maximum current 
densities Id,max is achieved simultaneously by this ion implantation strategy. Therefore, 




In summary, Si implantation on the drain-source contact regions were 
performed on MBE-grown AlGaN/GaN HEMT structures. Table 6.1 summarizes the 
improved performance of our ion-implanted HEMTs, as compared to the control (un-
implanted) device. It yielded a smaller contact resistance, which is quite important for 
high frequency operation (e.g., cut-off ft and maximum oscillation frequency fmax). 
Furthermore, overall device performance was improved considerably by ion 
implantation. Higher drain saturation current Id,max and lower knee voltage Vknee will 
lead to better power output potential in Class-A operation. Good gate control property 
can be concluded from the higher extrinsic peak transconductance gm and smaller 
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Table 6.1. Comparison of the performance of ion-implanted and non-implanted 
AlGaN/GaN HEMTs. 
 






(Ω-mm) 1.13 0.44 61% Ohmic contacts 
specific contact resistance ρc 
 (Ω cm2) 
9.46 × 10-6 1.56 × 10-6 83% 
drain saturation current Id,max 
(mA/mm) 550 590 7% 
knee voltage Vknee 
(V) 8 5 37% 
Power output 
on- resistance Ron 
(Ω-mm) 8.3 6.6 20% 
peak transconductance gm 
(mS/mm) 105 112 6% Gate control 
sub-swing S 
(mV/decade) 809 725 10% 
Cut-off frequency ft  
(GHz) 8.9 14.3 61% High frequency 
Maximum oscillation 
frequency fmax (GHz) 
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Chapter 7 




Ion implantation has been the foundation of most advanced electronic device 
fabrication processes in mature semiconductor material systems such as silicon and 
gallium arsenide. The past decade is a golden age for GaN technology, and many 
optical and electronic III-nitride devices have been demonstrated and partially 
commercialized. Therefore, it is important to investigate the applicability of ion 
implantation to the GaN-based devices. At the start of this work, there was still very 
limited research background for the integration of ion implantation to GaN-based 
devices, except that the fully ion-implanted GaN JFET with n-channel and p-gate was 
formed by Si and Ca implantation respectively [Zolper11996].   
The primary objective of this project was to perform a systematic electrical and 
optical activation study of n-type doping from Si implantation. The secondary 
objective was to optimize the fabrication of AlGaN/GaN HEMTs. Both objectives 
were pursued with an aim to integrate Si implantation technology to HEMTs in order 
to improve device performance. In addition, p-type doping from Be implantation was 
also investigated. The progress made in this research project is summarized below. 
 
7.1.1 Silicon implantation 
One of the key issues in integrating ion implantation to III-nitride devices is the 
avoidance of surface degradation during the high temperature post-implantation 
annealing process. The Si dopants at 150 keV with a dose of 5×1014cm-2 were 
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implanted into GaN samples for n-type doping. The main objective is to optimize the 
post-implantation annealing process based on our own equipment resources to 
maximize Si dopant activation and minimize the surface degradation.  
It was demonstrated that a reactively sputtered AlN thin film was an effective 
encapsulating layer to avoid degradation of the underlying GaN surface during rapid 
thermal annealing at temperature up to 1100 °C. The AlN cap can be selectively 
removed subsequently in a heated KOH based solution without any detectable 
chemical attack to the GaN surface. Hall measurements showed that a reasonable 
percentage (~30 %) of electrical dopant activation was achieved although there was 
only partial recovery of crystalline quality, as indicated by PL, XRD and micro-Raman 
measurements. This provided us with the foundation to apply ion implantation in the 
fabrication of GaN-based devices. 
 
7.1.2 AlGaN/GaN HEMTs Fabrication and Optimization 
After carefully optimizing process steps including mesa isolation, ohmic 
contact, and Schottky contact deposition, functional HEMTs with 2 μm gate lengths 
were successfully fabricated. The behavior of both ohmic and Schottky contacts on 
AlGaN/GaN HEMTs was characterized and reasonably good overall DC performance 
was achieved.  
Additionally, an important issue to achieve high performance GaN-based 
devices is the realization of good reliable metal contacts. The so-called “sunken ohmic 
contacts” have been used to bring the metal closer to the 2DEG channel of a HEMT 
structure by etching off a portion of the top layers in the source and drain regions. This 
etching depth was carefully optimized. Both simulation and experimental results have 
shown that HEMTs operate in the most desirable condition when the sunken contacts 
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sit within the Si-doped AlGaN donor layer. Compared to experiments, device 
simulation is faster and more cost efficient, and our experimental results confirmed 
that simulation is an attractive way to provide useful guidance for our device 
fabrication optimization.  
 
7.1.3 Ion implanted AlGaN/GaN HEMTs 
Although the AlGaN/GaN HEMT has been demonstrated successfully so far 
among GaN electronics, ion implantation has not been applied to HEMTs yet until the 
onset of this project. Based on our research work on Si implantation and HEMT 
fabrication, Si implantation was integrated to AlGaN/GaN HEMTs in order to improve 
device performance by reducing the access resistance in the source and drain regions. 
LTLM measurements were carried out to characterize the contact resistance. It 
was found that the implantation improved ohmic contact by improving the doping 
concentration in the drain-source regions. It yielded a contact resistance of 0.44 Ω-mm 
and corresponding specific contact resistance of 1.56×10-6 Ω cm2. Overall device 
performance was improved by ion implantation. The maximum drain saturation current 
Id,max was increased (~590 mA/mm at Vs = 2 V) and at same time the knee voltage also 
was decreased (~5 V at Vs = 2 V) by ion implantation. This indicated better power 
output potential for implanted HEMTs in Class-A operation, which can be expected 
from load line theory. Ion implanted HEMTs also provided good gate control property. 
Higher extrinsic peak transconductance, gm~112 mS/mm, and smaller swing value 
S~725 mV/decade were obtained compared to 809 mV/decade of the control HEMT. 
Furthermore, the high frequency operations were significantly improved by 
implantation, the cut-off frequency ft and maximum oscillation frequency fmax of 
implanted HEMT were obtained at 14.3 GHz and 38.1 GHz, respectively. This 
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represents an improvement of approximately 61% in ft and 67% in fmax over the control 
HEMT. 
 
7.1.4 Beryllium implantation 
The improved p-type doping of GaN has been a critical issue for improved 
performance of devices fabricated in this material (e.g., LEDs, LDs, HBTs).  
Beryllium (Be) has been shown theoretically as a promising candidate for p-type 
doping with the shallowest acceptor level in GaN of 60 meV so far, and this may open 
the way to a more efficient p-doping of GaN. 
 Post-implantation thermal activation of beryllium in GaN by rapid thermal 
annealing (RTA) and pulsed laser annealing (PLA) has been investigated. It was found 
that the activation of Be dopants and the repair of implantation induced defects in GaN 
films cannot be achieved efficiently by conventional RTA alone. On the other hand, 
the Hall measurement results showed clearly that p-type conversion can be achieved 
with PLA at an irradiation of 0.2 J/cm2 in flowing nitrogen ambient. The 
photoluminescence (PL) spectra also revealed the presence of a Be related transition 
level. Unfortunately because of shallow penetration depth of the 248 nm laser beam, 
only the top several tens of nanometers were annealed properly, while the deeper 
implantation-induced defects remained. These defects and other lattice damage could 
be better removed by conventional RTA at 1100 ºC. A combined annealing procedure, 
consisting of PLA followed RTA at 1100 ºC for 120 s with AlN encapsulation was 
shown to be able to produce good surface morphology, good electrical and optical 
activation as well as repair the implantation induced damage. The proposed procedure 
would be very useful in the fabrication of GaN-based devices where selective p-type 
doping and good ohmic contact formation to p–type regions are essential. 
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7.2 Suggested Future Work 
Although the preliminary results obtained in this research work demonstrated 
the feasibility of the application of ion implantation to the fabrication of AlGaN/GaN 
HEMTs, some issues remained to be investigated further, and some process steps can 
be further optimized and new approaches may be pursued to improve the procedure. 
Therefore, several important aspects of future work are suggested in the following 
sections. 
 
7.2.1 Ultrahigh-temperature RTA 
It has been found in our experiments on Si-implantation in GaN that, although 
Si donors can be efficiently activated at 1100 ºC, complete removal of damage induced 
by implantation requires even higher annealing temperature. A recent study has shown 
that implantation-induced damage in GaN can only be significantly reduced by using 
RTA up to 1400 ºC [Zolper21997]. Unfortunately, most of the existing commercial 
RTA systems mainly rely on a series of tungsten-halogen lamps as heat source and 
only have a modest temperature range (<1100 ºC). To realize higher temperature 
annealing, new types of heat sources have to be employed. There has been recent 
development of some unique high temperature RTA systems. It can be used to achieve 
ultrahigh temperature (>1500 ºC) annealing with AlN encapsulant to suppress surface 
dissociation [Sckbar1996; MHI1997], and this may be expected to result in more 
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7.2.2 Selective Annealing  
In our experiments, a drawback of implanted contacts is the necessity of 
realignment because implantation and overlay metals require two separate lithography 
processes. Hence the alignment is a critical step and needs precise control. In addition, 
high temperature annealing is required to activate the implanted dopants and the whole 
wafer area would be heated. For improvement, some new approach could be pursued 
to facilitate the fabrication process. Some people used a sputtered Si layer to pattern 
the contact regions (source and drain), and employed a long wavelength excimer laser 
to do selective region annealing [Lee2003]. This attractive approach is schematically 
shown in Figure 7.1. Only the ohmic contact region which is deposited with 
amorphous silicon will be annealed by the energy of the excimer laser without damage 
to the other GaN region. After laser annealing, the residue of amorphous silicon and 
oxide is removed by an amorphous silicon etchant (HNO3/CH3COOH/HF) and HF. 
Selective region annealing and self-alignment can be achieved by this method, 









Fig. 7.1: Schematics of laser irradiation process for selective doping on GaN film. 
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7.2.3 Co-implantation  
It has been shown that co-doping with acceptors and donors increases the 
solubility of both impurities beyond the solubility limit of either impurity in the given 
semiconductor [Yamamoto1997]. Moreover, one of the advantages of this ion pairing 
is increased carrier mobility. This higher mobility is predicted due to the fact that ion 
pairs possess dipolar fields and consequently have scattering cross-sections that are 
much smaller than those of point charges. Brandt et al. [Brandt1996] doped GaN with 
Be and O by MBE growth and showed that this molecular co-doping greatly enhanced 
the mobility of holes in p-GaN, which was attributed to the short range dipole 
scattering effect of the spatially correlated ion pairs. Therefore, co-implantation can be 
studied especially for p-type doping to increase impurity solubility and improve carrier 
mobility. Issues about compensation between donor and acceptor and other side effects 
should also be explored in detail. 
 
7.2.4 High Power Characteristics 
As AlGaN/GaN HEMTs show immense potential in high-power operations at 
high frequencies, it is also worthwhile to look into ways to develop HEMTs that 
operate at high frequency with high power output. The first task is to design a set of 
photomask that is suitable for high frequency probing of devices and it can be used to 
pattern and fabricate a device with high power output. The rules that govern the layout 
of devices under high frequency (e.g., GHz) probing should be followed. The 
fabrication procedure needs to add more steps such as passivation and source 
interconnector, besides the normal mesa, ohmic contact and Schottky contact 
formation in DC device. The preliminary discussion about mask design can be found 
in Appendix E. 
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Appendix A 
AlGaN/GaN HEMT Process Flow 
1    Mesa Isolation (mask layer 1) 
1.1 Sample Cleaning 
 
 
1) Acetone solvent 5 minutes, ultrasonic 1 minute. 
2) 2-Propanol solvent 5 minutes, ultrasonic 1 minute. 
3) DI water rinse, 5 cycles. 
4) Blow dry with N2 gun. 
5) Dehydration bake, 120 °C oven, 5 minutes in petri dish without cover. 
1.2 Photoresist Coating 
1) Cool down after dehydration, 5 minutes.  
2) Put wafer on spinner chuck with vacuum on, blow with N2 gun. 
3) Coat one layer AZ 4620 photoresist by syringe. 
4) Spin at 5000 rpm for 45 seconds, 5~6 μm thick. 
5) Soft bake, 90 °C oven, 25 minute. 
1.3 Photoresist Exposure and Development 
1) Exposure for 120 seconds, Karl Suss MA6 Aligner, hard contact mode. 
2) Post-exposure bake, 110 °C oven, 5 minutes. (optional) 
3) Develop in pure AZ-developer for 60 seconds. 
4) DI water rinse, 5 cycles. 
5) Check under microscope. 
6) Hard bake, 120 °C oven, 25 minute. 
1.4 Mesa Etch with ICP 
1) Place HEMT wafer on quartz holder and load into chamber (Plasma-Therm SLR-
770 ICP etcher). 
2) Etching conditions: Cl2/Ar (20/5sccm), Chamber pressure (8mtorr), RIE 
(250W), ICP (450W), temperature (-60°C).  
3) Etch for 6 minutes, ~1.6 μm mesa height. 
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2    Source Drain Ohmic Contacts (mask layer 2) 
2.1 Sample Cleaning 
 
 
1) Acetone solvent 5 minutes, ultrasonic 1 minute. 
2) 2- Propanol solvent 5 minutes, ultrasonic 1 minute. 
3) DI water rinse, 5 cycles. 
4) Blow dry with N2 gun. 
5) Dehydration bake, 120 °C oven, 5 minutes in petri dish without cover 
2.2 Photoresist Coating 
1) Cool down after dehydration, 5 minutes.  
2) Put wafer on spinner chuck with vacuum on, blow with N2 gun. 
3) Coat one layer AZ 5214 photoresist by syringe. 
4) Spin at 5000 rpm for 45 seconds, ~1.5 μm thick. 
5) Soft bake, 90 °C oven, 25 minutes. 
2.3 Photoresist Exposure and Development 
1) Ohmic contacts mask alignment based on mesa pattern of sample surface. 
2) Exposure for 60 seconds, Karl Suss MA6 Aligner, hard contact mode. 
3) Post-exposure bake, 110 °C oven, 5 minutes. (optional) 
4) Develop in diluted AZ-developer: DI water (2:1) for 45 seconds. 
5) DI water rinse, 5 cycles. 
6) Photoresist descum by ozone stripper (UV&ozone dry stripper), conditions: 
temperature (75°C), running for 3 minutes. (optional) 
7) Check under microscope. 
8) Hard bake, 120 °C oven, 10 minutes. 
2.4 Top Layer Etch for Sunken Contacts (Optimized) 
1) Place HEMT wafer on quartz holder and load into ICP chamber. 
2) Etching conditions: Cl2/Ar (20/5sccm), Chamber pressure (5mtorr), RIE (30W), 
ICP (250W), temperature (20°C).  
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1) Immediately transfer HEMT wafer into e-beam evaporator chamber 
(EDWARDS Auto 306 Turbo E-beam Evaporator). 
2) Pump down to below 9×10-7 torr. 
3) Deposit metal Ti/Al/Pd(Ni)/Au of 250Å/2000Å/600Å/1000Å (metal spitting should 
be avoided). 
2.6 Liftoff 
1) Soak wafer in acetone long enough till metal becomes loose. 
2) Squirt with acetone squirt bottle to speed up liftoff. (optional) 
3) Rinse with 2- Propanol. 
4) DI water rinse, 5 cycles. 
5) Blow dry with N2 gun. 
6) Check under microscope. 
2.7 Alloy Annealing 
1) Place HEMT wafer on quartz substrate and load it into the chamber slowly (AST Electronik 
SHS10 RTP). 
2) Set the annealing program covering the ramp-up, rapid annealing and ramp-
down process according to requirements. 
3) After heating up, anneal at 750 °C for 30 seconds. 
4) Unload wafer after RTA cools down. 
5) Check Ohmic contacts with I-V measurement (HP semiconductor parameter 
analyzer 4156A). 
3    Gate Schottky Contacts (mask layer 3) 
3.1 Sample Cleaning 
 
 
1) Acetone solvent 5 minutes, ultrasonic 1 minute. 
2) 2- Propanol solvent 5 minutes, ultrasonic 1 minute. 
3) DI water rinse, 5 cycles. 
4) Blow dry with N2 gun. 
5) Dehydration bake, 120 °C oven, 5 minutes in petri dish without cover 
3.2 Photoresist Coating 
1) Cool down after dehydration, 5 minutes.  
2) Put wafer on spinner chuck with vacuum on, blow with N2 gun. 
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3) Coat one layer AZ 5214 photoresist by syringe. 
4) Spin at 5000 rpm for 45 seconds, ~1.5 μm thick. 
5) Soft bake, 90 °C oven, 25 minutes. 
3.3 Photoresist Exposure and Development 
1) Schottky contacts mask alignment based on ohmic contact pattern of sample 
surface. 
2) Exposure for 60 seconds, Karl Suss MA6 Aligner, hard contact mode. 
3) Post-exposure bake, 110 °C oven, 5 minutes. (optional) 
4) Develop in diluted AZ-developer: DI water (2:1) for 45 seconds (with stirring 
using magnetic bar). 
5) DI water rinse, 5 cycles. 
6) Photoresist descum by ozone stripper, conditions: temperature (75°C), running for 3 
minutes.  
7) Check under microscope. 
3.4 Top Layer Etch for Recess Gates (Optional) 
1) Place HEMT wafer on quartz holder and load into ICP chamber. 
2) Etching conditions: Cl2/Ar (20/5sccm), Chamber pressure (5mtorr), RIE (30W), 
ICP (250W), temperature (20°C).  
3) Etch for 30 seconds, ~10 nm sunken depth. 
3.5 Metallization 
1) Immediately transfer HEMT wafer into e-beam evaporator chamber. 
2) Pump down to below 9×10-7 torr. 
3) Deposit metal Pd(Ni)/Au of 500Å/1500Å (metal spitting should be avoided). 
3.6 Liftoff 
1) Soak wafer in acetone long enough till metal becomes loose. 
2) Squirt with acetone squirt bottle to enhance liftoff.  
3) Rinse with 2- Propanol. 
4) DI water rinse, 5 cycles. 
5) Blow dry with N2 gun. 
6) Check under microscope. 
7) Check Schottky contacts with I-V measurement. 




Appendix B                                                                Linear Transmission Line Method 
 
Appendix B 
Linear Transmission Line Method [Berger 1972] 
 
In the lumped resistor model, when current flows through two adjacent contacts 
on a semiconductor substrate, the circuit of equivalent resistors network is as shown in 
Figure B.1. The total resistance between neighboring ohmic contact pads is the 
combination of two contact resistors Rc and the resistance of semiconductor channel Rs, 
as given by:   
sct RRR += 2                                                (B-1) 
 
Here Rs can be written as: ss rW
LR ×= , where L is the spacing between two contact 
pads as shown in the top view, W is width of pad and rs is the sheet resistivity of the 

















Fig B.1: Schematic diagram of two adjacent contact pads and the equivalent resistors 
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It is important to note that a gap (δ) usually exists between the contact window 
and the semiconductor mesa, as depicted in Figure B.1 (b). If the gap size (δ) becomes 
comparable to the width of the contact window, it will give rise to lateral current flow 
and current crowding. In our experiment, δ of 2~3 microns is negligible compared with 
the 45μm width of the contact pad whose dimension is 45μm × 50μm (W×d).  
The transmission line method can be used to determine the sheet resistivity rs 
of the semiconductor sample and the contact resistance Rc of an ohmic contact to the 
sample. These parameters are determined from the total resistances of a family of 
semiconductor resistors with varying spacing between two successive contact pads. 
Deduced from well-known transmission line equation, the specific contact resistance 
ρc has the numerical relationship with Rc and rs, as given by:  
 











Fig B.2: Schematic diagram of LTLM pattern for measurement. 
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To do LTLM, on the isolated mesa, a series of ohmic contacts are formed, as 
illustrated in Figure B.2. The sequence of contact spacing is varied accordingly. After 
measurement of total resistance between different successive contacts pads with 
varying spacing, Rt is plotted as a function of contact pads spacing L (μm). A straight 
line should be obtained as illustrated in Figure.B.3. 2Rc and rs can be respectively 
obtained by the intercept with the Rt axis and the gradient of the line. Therefore, 
specific contact resistance ρc can be derived from Rc and rs based on formula (B-2) and 
the rewritten form of (B-1) formula as follows: 
 
     sct rW




Fig B.3: Typical plot Rt vs L from LTLM measurement. 
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Appendix C 
Charge Control Model [Ali1990; Das1985; Snowden1989] 
 
C.1 Ideal Device performance 
A quasi-2D model is implemented for the calculation of the current-voltage 
characteristics of HEMTs. The model makes use of the exact value of sheet 
concentration in the channel. We can get expressions for the linear region current and 
the saturation current. Furthermore, the effect of drain and source series parasitic 
resistance for real device performance can also be studied. 
For simplicity, initially we assume that there are no extrinsic series source and 
drain resistance. Using the charge –control equation relating the channel 2-DEG sheet 
charge concentration at any point x along the channel, to the gate and channel potential 
V(x), namely 
 
( ) ( )][0 xVVcxqn gs −=                                     (C-1) 
 
 
where ns is 2-DEG sheet concentration in channel, c0 is gate-to-channel capacitance, 
Vgs is gate bias and Vth is gate threshold voltage. 
By neglecting diffusion current contribution, the source-to-drain current Ids is 
dominated by the drift current: 
)()( xnxqWI sds ν−=                                      (C-2) 
 
where W is the gate width and ν(x) the electron velocity. 
We shall assume that the dependence of the carrier velocity on the lateral 
electric field can be approximated as:  
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= μν                                            (C-3) 
 
where E(x) is the electric field (
dx
xdV )(− ), μ0 is the low-field mobility independent of 
the gate voltage or ns, and Ec is the critical field at which the carrier velocity attains its 
saturation value given by:  
  csat E0μν =                                           (C-4) 
 
 
Using equations (C-1), (C-2) and (C-3) and assuming a negligible gate leakage 

















                                (C-5) 
 
 
Integration of equation (C-5), between the limits x = 0 and x = lg (gate length), 






















μβ = ,   and cgc ElV =  
 
Assuming that the carrier saturation velocity is responsible for the current 
saturation, we can determine the maximum of Ids identified as Id,sat by imposing the 
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satsatdgsatd vVVWcI )( ,0, −=                                         (C-7) 
 
 
where cgccsatd VVVVV −+= 22, . 
 
So the form of saturation current equation clearly indicates that the electron 
sheet charge, c0(Vg - Vd,sat), and the carrier saturation velocity, vsat, determine the 
saturation drain current. 
 
C.2 Effect of Drain and Source Series Parasitic Resistance  
For the ideal case, i.e., where there are no series source and drain resistance, the 
slope of the linear region of the I-V curves is mainly dependent on the free carrier 
mobility, as expressed in equation (C-6), and the drain saturation current is decided by 










Fig. C.1: The schematic diagram for HEMT DC current flow. Drain and source series 
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On the other hand, for real devices, as shown in the schematic diagram of 
Figure C.1, the flow of Ids through the drain and source series parasitic resistance will 
develop ohmic voltage drops that must be included in real device. Thus, the intrinsic 








d rIVV −=                                        (C-9) 
 
 
where Vge and Vde are the effective voltages applied to the channel region of the device, 
and rss and rdd are the source and drain parasitic series resistances, respectively. 
Therefore, for equations (C-6) and (C-7), both the linear region and saturation region 








Fig. C.2: The I-V characteristics of HEMT with (solid line) and without the series 
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Furthermore, the small-signal transconductance gm of the HEMT, under drain 
current saturation condition of operation, can be easily obtained by differentiating the 










Vg β                                        (C-10) 
 
When the effect of parasitic series resistances is included, the effective 















β                                     (C-11) 
 
 
Therefore, the contribution of parasitic series resistances to the degradation of 
transconductance is obvious. Whatever the decrease of saturation current Id,sat in 
second term due to rss and rdd or third term rss itself can degrade the effective 
transconductance of HEMTs. 
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Appendix D 
Measured Scattering Parameters 
D.1   S parameters of control HEMT 
 
Freq 
GHz Re (S11) Im (S11) Re (S21) Im (S21) Re (S12) Im (S12) Re (S22) Im (S22) 
1 0.735415 -0.617061 -10.184508 5.646400 0.011239 0.027815 0.212097 -0.197775 
1.2 0.622309 -0.691109 -9.387546 6.333006 0.014906 0.030559 0.166234 -0.212758 
1.4 0.508887 -0.754410 -8.641355 6.998670 0.020088 0.033429 0.125007 -0.216502 
1.6 0.390177 -0.799914 -7.742281 7.743357 0.024046 0.035648 0.082093 -0.225523 
1.8 0.268875 -0.827409 -6.690885 7.974970 0.028888 0.038334 0.041685 -0.236352 
2 0.133004 -0.839530 -5.566798 8.254253 0.034116 0.039244 0.008387 -0.239853 
2.2 0.000038 -0.830000 -4.248849 8.340077 0.040306 0.040304 -0.032694 -0.232715 
2.4 -0.140614 -0.797702 -2.989133 8.214022 0.046793 0.040675 -0.078652 -0.216134 
2.6 -0.257157 -0.746974 -1.985510 7.965264 0.053396 0.038793 -0.107966 -0.203085 
2.8 -0.329600 -0.706940 -1.363782 7.736720 0.056375 0.038024 -0.128602 -0.190687 
3 -0.391388 -0.651472 -0.783072 7.453980 0.060212 0.037623 -0.147829 -0.176200 
3.2 -0.419355 -0.621805 -0.381337 7.283023 0.062354 0.035999 -0.159760 -0.165459 
3.4 -0.451322 -0.599006 -0.122048 7.010938 0.064722 0.035875 -0.160887 -0.150051 
3.6 -0.485446 -0.558518 0.240280 6.871800 0.067717 0.034502 -0.170962 -0.138463 
3.8 -0.551519 -0.462847 1.102229 6.249545 0.073641 0.031258 -0.190517 -0.110015 
4 -0.606191 -0.350047 1.620963 5.652157 0.079424 0.027347 -0.206726 -0.075261 
4.2 -0.630324 -0.280699 1.918923 5.271606 0.082242 0.025143 -0.212499 -0.056958 
4.4 -0.646701 -0.210185 2.273849 4.875860 0.085002 0.022775 -0.216654 -0.038222 
4.6 -0.652815 -0.150773 2.482366 4.477975 0.088033 0.018712 -0.209487 -0.014668 
4.8 -0.624805 -0.179217 2.935701 3.498449 0.110392 0.011602 -0.197330 -0.071840 
5 -0.608660 0.197822 3.201737 2.501370 0.101984 -0.001780 -0.193299 0.082069 
5.2 -0.570221 0.290599 3.275268 1.967908 0.105597 -0.009238 -0.186562 0.116596 
5.4 -0.511098 0.385199 3.268684 1.455263 0.107658 -0.017051 -0.168520 0.141425 
5.6 -0.452517 0.452580 3.234653 0.927493 0.108673 -0.027094 -0.144322 0.166046 
5.8 -0.353981 0.545158 2.994506 0.314726 0.109229 -0.041928 -0.107966 0.203085 
6 -0.232904 0.606841 2.856091 -0.249868 0.106837 -0.056805 -0.062104 0.231826 
6.2 -0.181868 0.626121 2.748584 -0.445160 0.105138 -0.062672 -0.043904 0.244083 
6.4 -0.129234 0.641104 2.628250 -0.626118 0.103117 -0.068508 -0.024079 0.254865 
6.6 -0.075366 0.651656 2.496604 -0.791945 0.100774 -0.074294 -0.002752 0.263986 
6.8 -0.020637 0.657676 2.355208 -0.941985 0.098110 -0.080013 0.019933 0.271269 
7 0.034571 0.659094 2.205655 -1.075733 0.095124 -0.085647 0.043813 0.276551 
7.2 0.085806 0.660449 2.068260 -1.194068 0.091996 -0.090716 0.065776 0.280388 
7.4 0.137448 0.657793 1.925380 -1.298636 0.088601 -0.095676 0.088527 0.282452 
7.6 0.189181 0.651072 1.778252 -1.389267 0.084945 -0.100513 0.111920 0.282648 
7.8 0.240683 0.640256 1.628113 -1.465896 0.081030 -0.105214 0.135801 0.280895 
8 0.291628 0.625343 1.476185 -1.528562 0.076862 -0.109764 0.160009 0.277123 
8.2 0.336283 0.611651 1.335880 -1.580718 0.071835 -0.114065 0.184542 0.273577 
8.4 0.380390 0.594760 1.195309 -1.621184 0.066570 -0.118135 0.209332 0.267918 
8.6 0.423717 0.574682 1.055393 -1.650165 0.061078 -0.121961 0.234202 0.260095 
8.8 0.466035 0.551449 0.917022 -1.667933 0.055371 -0.125531 0.258968 0.250071 
9 0.507113 0.525106 0.781055 -1.674831 0.049459 -0.128832 0.283441 0.237826 
9.2 0.543514 0.496275 0.653805 -1.685432 0.043020 -0.132385 0.302681 0.226425 
9.4 0.578278 0.464928 0.528648 -1.686695 0.036343 -0.135615 0.321511 0.213604 
9.6 0.611232 0.431160 0.406251 -1.678949 0.029446 -0.138505 0.339834 0.199372 
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9.8 0.642209 0.395075 0.287246 -1.662568 0.022345 -0.141041 0.357548 0.183748 
10 0.671045 0.356789 0.172229 -1.637970 0.015058 -0.143211 0.377409 0.160195 
10.2 0.697776 0.313582 0.056261 -1.609017 0.007574 -0.144401 0.394268 0.138839 
10.4 0.721710 0.268393 -0.054822 -1.572044 0.000007 -0.145200 0.409906 0.115988 
10.6 0.742702 0.221402 -0.160480 -1.527594 -0.007624 -0.145601 0.424199 0.091712 
10.8 0.760618 0.172803 -0.260223 -1.476240 -0.015296 -0.145599 0.437031 0.066093 
11 0.770397 0.122015 -0.358563 -1.417348 -0.022988 -0.145191 0.448288 0.039219 
11.2 0.782013 0.068415 -0.440521 -1.356041 -0.030555 -0.143789 0.459899 0.009633 
11.4 0.789880 0.013787 -0.515978 -1.290254 -0.038039 -0.141993 0.469516 -0.021320 
11.6 0.793911 -0.041606 -0.584712 -1.220575 -0.045418 -0.139808 0.477009 -0.053504 
11.8 0.794037 -0.097493 -0.646548 -1.147603 -0.052672 -0.137239 0.482256 -0.086769 
12 0.785303 -0.152643 -0.701361 -1.071940 -0.059782 -0.134295 0.485149 -0.120957 
12.2 0.778538 -0.208602 -0.748473 -0.993392 -0.066546 -0.129503 0.487193 -0.150807 
12.4 0.767764 -0.264354 -0.788356 -0.913443 -0.072962 -0.124379 0.487389 -0.181252 
12.6 0.752977 -0.319609 -0.821040 -0.832700 -0.079017 -0.118946 0.485675 -0.212179 
12.8 0.734195 -0.374078 -0.846603 -0.751758 -0.084695 -0.113229 0.482000 -0.243467 
13 0.718807 -0.414989 -0.862822 -0.674212 -0.089983 -0.107252 0.471447 -0.283263 
13.2 0.702721 -0.452856 -0.873822 -0.607419 -0.093451 -0.102356 0.465357 -0.311517 
13.4 0.684640 -0.490135 -0.880133 -0.541554 -0.096669 -0.097360 0.457612 -0.339840 
13.6 0.664582 -0.526720 -0.881898 -0.476930 -0.099634 -0.092275 0.448193 -0.368135 
13.8 0.642574 -0.562507 -0.879278 -0.413842 -0.102344 -0.087115 0.437083 -0.396306 
14 0.618646 -0.597392 -0.872451 -0.352576 -0.104799 -0.081891 0.424274 -0.424254 
14.2 0.594467 -0.624222 -0.856693 -0.291722 -0.107649 -0.077081 0.408417 -0.450399 
14.4 0.569124 -0.650072 -0.836968 -0.233762 -0.110280 -0.072177 0.391006 -0.475994 
14.6 0.542657 -0.674892 -0.813553 -0.178945 -0.112690 -0.067189 0.372058 -0.500948 
14.8 0.515107 -0.698634 -0.786736 -0.127494 -0.114877 -0.062125 0.351594 -0.525172 
15 0.486519 -0.721249 -0.826440 -0.086937 -0.116839 -0.056998 0.329641 -0.548577 
15.2 0.444476 -0.745564 -0.811014 -0.056785 -0.119123 -0.052055 0.304341 -0.567550 
15.4 0.401239 -0.767439 -0.793907 -0.041679 -0.121198 -0.047021 0.277969 -0.585352 
15.6 0.356949 -0.786819 -0.776524 -0.027188 -0.123061 -0.041905 0.250581 -0.601924 
15.8 0.311749 -0.803652 -0.758883 -0.013316 -0.124708 -0.036715 0.222234 -0.617210 
16 0.265785 -0.817899 -0.727373 0.141453 -0.126136 -0.031461 0.192989 -0.631154 
16.2 0.220227 -0.833393 -0.701088 0.177466 -0.127237 -0.025667 0.161145 -0.646211 
16.4 0.173765 -0.846346 -0.673103 0.211000 -0.128073 -0.019838 0.128250 -0.659648 
16.6 0.126544 -0.856705 -0.643615 0.241979 -0.128642 -0.013987 0.094388 -0.671398 
16.8 0.078707 -0.864424 -0.612818 0.270344 -0.128944 -0.008124 0.059644 -0.681395 
17 0.030402 -0.869469 -0.580913 0.296048 -0.128980 0.002263 0.024112 -0.689579 
17.2 -0.012134 -0.871916 -0.546370 0.318051 -0.126349 0.007961 -0.014543 -0.695848 
17.4 -0.054837 -0.872278 -0.511235 0.337153 -0.123472 0.013425 -0.053823 -0.699934 
17.6 -0.097604 -0.870546 -0.475724 0.353358 -0.120365 0.018644 -0.093602 -0.701785 
17.8 -0.140331 -0.866713 -0.440046 0.366687 -0.117042 0.023610 -0.133754 -0.701360 
18 -0.182917 -0.860779 -0.404412 0.377174 -0.113522 0.028315 -0.186312 -0.695477 
18.2 -0.225257 -0.852750 -0.369024 0.384868 -0.109054 0.032521 -0.226717 -0.689692 
18.4 -0.267248 -0.842635 -0.334081 0.389832 -0.104445 0.036381 -0.267051 -0.681548 
18.6 -0.308788 -0.830449 -0.299775 0.392143 -0.099716 0.039893 -0.307176 -0.671034 
18.8 -0.349773 -0.816213 -0.266290 0.391888 -0.094890 0.043053 -0.346952 -0.658149 
19 -0.390103 -0.799950 -0.233803 0.389169 -0.089988 0.045860 -0.386239 -0.642900 
19.2 -0.429676 -0.781692 -0.202482 0.384097 -0.086772 0.049302 -0.424895 -0.625300 
19.4 -0.468396 -0.761473 -0.172485 0.376798 -0.083431 0.052548 -0.462781 -0.605374 
19.6 -0.506163 -0.739334 -0.143959 0.367403 -0.079976 0.055593 -0.499755 -0.583154 
19.8 -0.542883 -0.715319 -0.117043 0.356056 -0.076418 0.058435 -0.535680 -0.558679 
20 -0.613753 -0.658260 -0.085652 0.319726 -0.072770 0.061070 -0.570418 -0.531999 
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GHz Re (S11) Im (S11) Re (S21) Im (S21) Re (S12) Im (S12) Re (S22) Im (S22) 
1 0.716987 -0.623241 -12.402749 7.162008 0.010490 0.025961 0.218870 -0.190252 
1.2 0.610153 -0.701865 -11.335336 8.236887 0.014029 0.028761 0.173558 -0.206828 
1.4 0.495644 -0.763176 -10.372838 9.018274 0.018001 0.031176 0.128766 -0.214288 
1.6 0.376157 -0.806601 -9.309216 9.641306 0.021242 0.032708 0.093783 -0.220918 
1.8 0.239836 -0.836289 -8.035133 9.923910 0.025879 0.034341 0.056861 -0.228017 
2 0.103625 -0.843660 -6.606563 10.174624 0.030836 0.035471 0.024051 -0.228739 
2.2 -0.043399 -0.828865 -5.185321 10.178280 0.036063 0.036062 -0.015684 -0.224453 
2.4 -0.166288 -0.782527 -3.658362 10.053039 0.042265 0.036738 -0.053211 -0.213468 
2.6 -0.279485 -0.728209 -2.236152 9.688183 0.047281 0.036939 -0.085403 -0.191850 
2.8 -0.344992 -0.677186 -1.483616 9.370275 0.050969 0.037030 -0.104989 -0.181872 
3 -0.397400 -0.636061 -0.788663 9.019536 0.054514 0.035401 -0.120440 -0.172030 
3.2 -0.445304 -0.591019 -0.612387 8.763630 0.055972 0.034974 -0.129000 -0.159323 
3.4 -0.472411 -0.563074 0.000393 8.493000 0.058890 0.033999 -0.136390 -0.146280 
3.6 -0.497822 -0.533922 0.434134 8.276672 0.060349 0.033451 -0.143858 -0.138942 
3.8 -0.559456 -0.437161 1.329935 7.540618 0.066161 0.030850 -0.159726 -0.111859 
4 -0.603462 -0.334566 2.067717 6.762288 0.070466 0.028469 -0.172192 -0.080311 
4.2 -0.625922 -0.265748 2.413473 6.286645 0.074696 0.025719 -0.178536 -0.064999 
4.4 -0.645489 -0.197405 2.726083 5.845594 0.077461 0.023681 -0.184352 -0.045981 
4.6 -0.655347 -0.139358 3.073539 5.323147 0.080172 0.021481 -0.187658 -0.029739 
4.8 -0.640115 0.112927 3.680988 4.087949 0.086917 0.013766 -0.183197 0.025763 
5 -0.605115 0.208414 3.886855 2.928839 0.093871 0.004919 -0.171186 0.055637 
5.2 -0.560648 0.298158 3.984618 2.300438 0.097985 -0.001710 -0.160375 0.081731 
5.4 -0.503112 0.379180 3.967396 1.684004 0.101441 -0.010662 -0.149660 0.108751 
5.6 -0.437604 0.453214 3.870193 1.109725 0.103405 -0.018233 -0.134341 0.134360 
5.8 -0.336465 0.538532 3.702606 0.389148 0.105194 -0.032160 -0.105973 0.169616 
6 -0.229321 0.597505 3.417397 -0.298975 0.105058 -0.046773 -0.068358 0.198563 
6.2 -0.177477 0.619062 3.289782 -0.532812 0.103898 -0.052481 -0.052244 0.209587 
6.4 -0.123611 0.636101 3.146789 -0.749648 0.102427 -0.058185 -0.034717 0.219269 
6.6 -0.068121 0.648432 2.990215 -0.948522 0.100645 -0.063869 -0.015893 0.227445 
6.8 -0.011418 0.655901 2.821913 -1.128648 0.098549 -0.069516 0.004095 0.233964 
7 0.046068 0.658390 2.642966 -1.289017 0.096139 -0.075109 0.025097 0.238684 
7.2 0.095019 0.659187 2.478890 -1.431137 0.093696 -0.080304 0.044779 0.243924 
7.4 0.144328 0.656318 2.308192 -1.556837 0.090977 -0.085429 0.065404 0.247504 
7.6 0.193721 0.649735 2.132350 -1.665907 0.087984 -0.090472 0.086830 0.249312 
7.8 0.242916 0.639412 1.952837 -1.758266 0.084719 -0.095417 0.108903 0.249247 
8 0.291628 0.625343 1.771110 -1.833951 0.081185 -0.100250 0.131460 0.247221 
8.2 0.336283 0.611651 1.603333 -1.897190 0.076782 -0.104903 0.153684 0.245929 
8.4 0.380390 0.594760 1.435148 -1.946475 0.072116 -0.109363 0.176342 0.242700 
8.6 0.423717 0.574682 1.267652 -1.982042 0.067197 -0.113616 0.199270 0.237469 
8.8 0.466035 0.551449 1.101906 -2.004210 0.062033 -0.117647 0.222296 0.230183 
9 0.507113 0.525106 0.939041 -2.013603 0.056635 -0.121443 0.245243 0.220808 
9.2 0.543514 0.496275 0.786099 -2.026471 0.051240 -0.125546 0.265721 0.212114 
9.4 0.578278 0.464928 0.635657 -2.028119 0.045577 -0.129408 0.286004 0.201746 
9.6 0.611232 0.431160 0.488517 -2.018938 0.039659 -0.133014 0.305964 0.189699 
9.8 0.642209 0.395075 0.345438 -1.999378 0.033495 -0.136346 0.325473 0.175976 
10 0.671045 0.356789 0.207203 -1.970586 0.027101 -0.139390 0.344399 0.160591 
10.2 0.696864 0.313173 0.067704 -1.936267 0.019880 -0.141409 0.361251 0.141568 
10.4 0.719835 0.267696 -0.065991 -1.892300 0.012522 -0.143053 0.377044 0.121052 
10.6 0.739827 0.220545 -0.193229 -1.839328 0.005046 -0.144312 0.391657 0.099101 
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10.8 0.756717 0.171917 -0.313422 -1.778037 -0.002527 -0.145178 0.404970 0.075786 
11 0.770397 0.122015 -0.425848 -1.708374 -0.010177 -0.145645 0.416870 0.051184 
11.2 0.783009 0.068502 -0.530692 -1.633612 -0.018797 -0.144785 0.429330 0.024003 
11.4 0.791879 0.013822 -0.627245 -1.552745 -0.027350 -0.143415 0.439976 -0.004607 
11.6 0.796906 -0.041763 -0.715181 -1.466560 -0.035807 -0.141541 0.448674 -0.034523 
11.8 0.798007 -0.097980 -0.794240 -1.375860 -0.044138 -0.139168 0.455297 -0.065607 
12 0.795119 -0.154551 -0.864207 -1.281416 -0.052314 -0.136306 0.459730 -0.097716 
12.2 0.788929 -0.208438 -0.919528 -1.185609 -0.058969 -0.132468 0.462767 -0.127463 
12.4 0.779068 -0.262177 -0.966072 -1.088261 -0.065367 -0.128309 0.463860 -0.157906 
12.6 0.765528 -0.315517 -1.003888 -0.990106 -0.071492 -0.123846 0.462937 -0.188915 
12.8 0.748318 -0.368206 -1.033083 -0.891862 -0.077331 -0.119096 0.459937 -0.220358 
13 0.727468 -0.419989 -1.054300 -0.794594 -0.082870 -0.114077 0.454806 -0.252094 
13.2 0.709446 -0.457190 -1.066099 -0.713808 -0.087086 -0.109106 0.452148 -0.280333 
13.4 0.689518 -0.493628 -1.072264 -0.634246 -0.091024 -0.103990 0.447792 -0.308899 
13.6 0.667717 -0.529205 -1.072970 -0.556282 -0.094678 -0.098743 0.441701 -0.337692 
13.8 0.644079 -0.563825 -1.068419 -0.480270 -0.098046 -0.093381 0.433844 -0.366611 
14 0.618646 -0.597392 -1.058554 -0.406440 -0.101125 -0.087919 0.424194 -0.395550 
14.2 0.594467 -0.624222 -1.054265 -0.338584 -0.104113 -0.083722 0.408469 -0.422962 
14.4 0.569124 -0.650072 -1.045780 -0.272500 -0.106929 -0.079425 0.391023 -0.449797 
14.6 0.542657 -0.674892 -1.033286 -0.208440 -0.109569 -0.075036 0.371872 -0.475949 
14.8 0.515107 -0.698634 -1.016982 -0.146641 -0.112031 -0.070561 0.351043 -0.501311 
15 0.486519 -0.721249 -0.996685 -0.087289 -0.114310 -0.066009 0.328566 -0.525780 
15.2 0.444476 -0.745564 -0.977154 -0.051300 -0.117187 -0.060756 0.307323 -0.545370 
15.4 0.401239 -0.767439 -0.955914 -0.033469 -0.119822 -0.055377 0.284973 -0.564105 
15.6 0.356949 -0.786819 -0.932218 0.065272 -0.122211 -0.049885 0.261551 -0.581924 
15.8 0.311749 -0.803652 -0.901253 0.142826 -0.124348 -0.044290 0.237093 -0.598768 
16 0.265785 -0.817899 -0.871758 0.185377 -0.126229 -0.038604 0.211642 -0.614579 
16.2 0.219716 -0.831460 -0.838213 0.230959 -0.127882 -0.031896 0.180842 -0.630581 
16.4 0.172961 -0.842428 -0.802405 0.273235 -0.129180 -0.025122 0.148943 -0.645027 
16.6 0.125667 -0.850769 -0.764605 0.312102 -0.130120 -0.018299 0.116024 -0.657847 
16.8 0.077981 -0.856457 -0.725091 0.347476 -0.130700 -0.011447 0.082169 -0.668973 
17 0.030052 -0.859475 -0.683923 0.379174 -0.130920 -0.004584 0.047464 -0.678341 
17.2 -0.012051 -0.865916 -0.638507 0.402157 -0.128721 0.004507 0.004821 -0.685983 
17.4 -0.054711 -0.870282 -0.592730 0.421297 -0.126117 0.011045 -0.038595 -0.690923 
17.6 -0.097826 -0.872533 -0.546876 0.436631 -0.123188 0.017324 -0.082611 -0.693094 
17.8 -0.141290 -0.872636 -0.501226 0.448212 -0.120694 0.019127 -0.127050 -0.692441 
18 -0.184996 -0.870561 -0.456052 0.456116 -0.117793 0.022907 -0.171728 -0.688919 
18.2 -0.228833 -0.866286 -0.411619 0.460434 -0.114543 0.027510 -0.216459 -0.682497 
18.4 -0.272690 -0.859793 -0.368183 0.461278 -0.111119 0.031873 -0.261054 -0.673153 
18.6 -0.316455 -0.851070 -0.325990 0.458775 -0.107537 0.035991 -0.305322 -0.660880 
18.8 -0.360014 -0.840111 -0.285273 0.453070 -0.103811 0.039859 -0.349069 -0.645683 
19 -0.403252 -0.826915 -0.246256 0.444322 -0.099956 0.043472 -0.392101 -0.627580 
19.2 -0.446054 -0.811487 -0.209146 0.432706 -0.095987 0.046826 -0.434225 -0.606601 
19.4 -0.488305 -0.793840 -0.174138 0.418409 -0.091920 0.049918 -0.475247 -0.582790 
19.6 -0.529889 -0.773990 -0.141412 0.401632 -0.087770 0.052747 -0.514978 -0.556202 
19.8 -0.570692 -0.751962 -0.111129 0.382587 -0.083551 0.055310 -0.553230 -0.526908 
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Appendix E 
High Frequency Mask Design 
 
E.1 Layout Rules for High Frequency Probing 
In microwave technology, the current state-of-the-art set up for measuring 
devices operating in the GHz range is to use coplanar probes along with a network 
analyzer. Successful GHz probing requires that consideration be given to layout and 
design before design completion and mask fabrication. Failure to observe specific 




Fig.E.1: Typical layout suitable for coplanar probing, showing ground-signal-ground 
(GSG) probe configuration, based on Cascade’s Microtech probe series. 
 
As shown in Figure E.1, the typical probe contact is a signal (S) or ground (G) 
contact. The signal contacts are electrically connected to a coaxial connector center pin, 
and the ground contacts are electrically connected to the coaxial-connector body. 
There are several physical features of coplanar probes that affect our layout. (1) The 
first is the probe tip size. Note that these contact tips are much larger than needle probe 
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used in DC measurement, so the passivation cut windows must be larger enough to 
accommodate these tips. The minimum pad size of the device under test (DUT) is 
50×50 μm2, the recommended minimum size for general use is 100×100 μm2. (2) Pad 
pitch, the minimum center-to-center pad pitch is 50 um. Note that many probes have a 
100 μm minimum pitch specification, so the recommended minimum pitch is 150 μm. 
(3) Another consideration is the probe skating. For every 50 um of overtravel 
(overtravel is the continued downward movement after the probe tip has made initial 
contact with the wafer) the probe tip will skate laterally 10um. If the probes are too 
close, they could skate into each other and be destroyed. Therefore, for parallel-row 
pad spacing, minimum center-to-center space is 200 μm based on the assumption of 
500 µm probe overtravel. Other mechanical rules also should be obeyed, such as the 
maximum pad height variation in a row is 0.5 μm, and all pads contacted by an 




For GHz high frequency operation, electrical issues should be taken into 
account seriously. (1) Firstly, electrical ground is most important. Each probe must 
have at least one ground contact and all probe ground contacts must be electrically 
connected together on the DUT. (2) Crosstalk is also a serious problem in RF 
operation. It can be due to capacitive or radiative coupling between signal probes, the 
intervening ground (SGS) will well lower the crosstalk between signal lines. Another 
factor effecting probe-to-probe crosstalk is the common ground inductance. The 
guideline for design is to make the common ground metal line as short and as wide as 
possible to minimize the inductance. 
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E.2 Design of the Multi-finger Power HEMT 
After the design of the single unit device, it is not simply an agglomeration of 
unit devices for a large periphery power device. Major issues for this part are 
determination of the pattern layout, gate width Wg, device lateral span and gate-to-gate 
spacing Lgg(gate pitch). 
 
Selection of gate width Wg
 
In order to have a more uniform signal drive along the gate line, shorter gate 
width is preferred. But for a fixed power output design, more gate fingers are needed 
for shorter unit gate width. This will lead to wider lateral device size, consequently, 
more phase delay and signal loss are introduced for signals to reach each gate finger. 
Therefore, we need to consider the signal loss in the gate fingers and decide the 
allowable maximum gate width given a certain tolerable loss at the desired frequency 
range. It was recommended that for the frequency range up to 10 GHz, Wg should be 
less than 100 μm in order to keep the power gain loss below 2 dB [Wu1999]. 
 
Selection of the lateral span of device 
 
In general, wider lateral span of a power HEMT will bring out several 
detrimental results including: 1) Phase rotation from the gate feed pad to each gate 
finger.2) Non-uniform operation from cell to cell due to the variation in materials and 
process. 3) Non-uniform channel temperature. The empirical rule for the maximum 
lateral device width is: when it is below λ/16, parallel operation is maintained 
throughout the active region and the phase rotation is not observable. When the width 
is between λ/8 and λ/16, there is some reduction in gain, but the device still operates 
efficiently. When the width is above λ/8, the device can no longer be considered as a 
lumped element, and external circuitry is required to control the phase rotation in 
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power input and output. For AlGaN/GaN HEMTs, λ/16 is about 860 μm at 10 GHz, 
which we chose as the maximum lateral width of the device. 
 









The lateral device size, which is (n-1)×Lgg, should be kept as narrow as 
possible, for the reasons just mentioned before. As a result, small Lgg is preferred. Also 
small Lgg has the benefit of reducing the source and drain pad parasitic capacitance, 
since Lgg is very close to the source and drain pad size. But on the other hand, a large 
Lgg would reduce the thermal resistance of the device since the heat generated could be 
dissipated through a wider area. We have to make a tradeoff between minimization of 
parasitic capacitance and enhancement of thermal dissipation.  
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The above figure shows the layout of one 440×550 μm2 power HEMT device. 
A typical inter-digitated FET structure is employed. In the design, air-bridges were 
employed to connect the source pads only at the extended portion of the pad. Our unit 
gate length Lg was chosen to be 1 μm, unit gate width Wg at 80 μm, lateral span of 
mesa region at 440 μm and Lgg at 44 μm. With consideration of microwave probe tip 
geometric configuration, we choose 150 μm for center-to center pitch size. 
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